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ABSTRACT 
The thermal expansions of Mg2Ge have been measured by an 
electrical-resistance strain-gauge method. The longitudinal 
and transverse sound velocities in the [lOO] and [111] direc­
tions have been determined in the same temperature range by a 
resonance technique. The elastic constants obtained from 
these velocities were combined with optical data to calculate 
the lattice vibration frequencies at 4? points in reciprocal 
space. Two point charge models with nearest and next nearest 
neighbor interactions were considered. The calculated and 
experimental specific heats in the temperature range from 4.2° 
to 320°K were compared. The model with assumed negligible 
force between Mg atoms had the same Debye temperatures as 
obtained by experiment at low temperatures. The specific heat 
obeyed T^ law only for temperatures below 10°K. The corre­
sponding Debye temperature was 488 K and agreed with that 
calculated from the elastic constants. 
1 
CHAPTEB I. INTBODUCTION 
A. Purpose of this Hesearch 
The semiconducting compound Mg2Ge belongs to the group 
11 - IV. Mott and Jones (22) pointed out that this compound 
with the antifluorite structure should have low conductivity, 
fiedin (26) prepared MggGe single crystal by melting together 
stoichiometric proportions of the two components. The semi­
conducting properties have been studied extensively at Iowa 
State University (7» 18, 20, 30)» and it has been shown that 
the thermal vibration of the lattice has considerable influ­
ence upon the motion of the electronic charge carriers at 
temperatures from 100 to lOOO^K. Therefore, a study of the 
lattice vibration frequencies is essential in order to under­
stand completely the semiconducting properties of this com­
pound. The purpose of this investigation is to furnish a use­
ful description of the vibrating atoms and their detailed 
motion in the crystal and to investigate some of the related 
thermal and mechanical properties of Mg^Ge. 
B. Plan of Attack on the Problem 
At every temperature, the atoms in a crystalline solid 
execute small oscillations about their equilibrium positions. 
We shall expand the potential energy of the crystal in powers 
of the amplitudes of these small oscillations, and consider 
2 
only the quadratic term in the calculation of the thermo­
dynamic properties of the solid (especially the heat capac­
ity) . The magnitudes of the lattice vibrations are determined 
primarily by the atomic force constants together with the mass 
and charge of the constituent atoms. Relations involving the 
atomic forces, and the masses and effective charges of the 
atoms can be found elsewhere (5» 10). 
In the present investigation, we shall assume two atomic 
force models for MggGe. The atomic force constants will then 
be determined from the measured elastic constants and from 
optic data. The atomic force model will be used to find the 
vibrational frequencies and the dispersion relations between 
frequencies and wave-vectors, which are known to play a cen­
tral role in the discussion of the thermodynamic properties. 
The heat capacity of the compound will be measured to check 
the results of the calculation based on this force model. 
The elastic constants will be obtained from measurements 
of the sound velocities in various directions in the crystal 
at different temperatures together with a thermal expansion 
measurement. The thermal expansion, furthermore, will cast 
light on the effect of the anharmonic terms in the expansion 
of the potential energy of the crystal. These terms are neg­
lected for small oscillations. Since we are looking for a 
description of the detailed motion of the atoms in the crystal 
we shall first study the structure of the crystal. 
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C. Crystal Structure of MggGe 
The semiconducting compound Mg2Ge possesses a fluorspar 
structure. This structure is based on a cubic lattice with 12 
atoms in the unit cell, as shown in Fig. 2, It has the fol­
lowing basis (22). 
' I 5 I Î I' ^  I ç' 
Ge +(0 0 0; 0 i i; i 0 i; i I 0) 
Thus each Ge atom is surrounded by eight Mg atoms at the 
corners of a cube and each Mg atom by four Ge atoms at the 
comers of a tetrahedron. 
The arrangement of atoms in different layers as seen from 
the principal directions are shown in Fig, 1. In the [lOO] 
direction, we have 4-fold symmetry, in the (110] direction, 
2-fold symmetry; and in the [111] direction, 3-fold symmetry. 
This knowledge of symmetry is helpful in orienting a single 
crystal. In the [ill] direction one layer with only Mg atoms 
is followed by another layer with only Mg atoms. If we assume 
that the forces between Mg atoms are small in comparison with 
the forces between Mg atoms and Ge atoms, the fact that the 
MggGe crystal cleaves easily along fill} planes, as observed 
by Bedin (26), can be understood. 
The force matrix between atoms, in general, can be 
written as (2, 11) 
o 
o 
[loo] [MO] [ I I I  
o Mg ATOM 
• Ge ATOM 
Pig. 1. Arrangement of atoms in Mg2Ge crystal in the three 
principal directions 
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P = 
^11 ^ 12 ^ 13 
^21 ^ 22 ^ 23 
^31 ^32 ^ 33 
(1) 
We may eliminate some of these force constants by application 
of the crystal symmetries. For example, for nearest neighbor 
Mg-Ge interactions, the relative positions of the atoms are 
shown in Pig. 3* The operation matrix 
0 10 
U = 0 0 1 (2) 
10 0 
represents a 3-fol& axis of rotation. The rotation about the 
axis 0-2 will form invariance groups (2, 7, 146, 3^5)' 
After application of the invariance relation, 
F = U P U , (3) 
we may reduce the number of constants in the force matrix and 
finally obtain 
^1 ^1 ^1 
pMg-Ge^ (4) 
^1 ^1 ®1 ' 
Similarly, in the case of second neighbor Ge-Ge interactions, 
the force matrix is 
6 
e Ge ATOM 
O Mg ATOM 
Pig. 2. Crystal structure of Mg2Ge showing both the cubic 
unit cell and the primitive cell; the position 
vector of a particle in the primitive cell is 
given by = £2. (K-1) [1,1,1] 
0 - 2  A X I S  
é-
# Ge ATOM 
O Mg ATOM 
Fig. 3. Relative positions of the nearest neighbors 
of a Ge atom in the Mg2Ge crystal (the three­
fold axis 0-2 and the mirror plane are shown) 
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,Ge-Ge 
Q-o 0 0 
0 32 h (5) 
0 Y2 P2 
In the case of second neighbor Mg-Mg interactions, the force 
matrix is 
pMg-Mg ^ 
33 0 0 
0 P3 0 
0 0 0,3 
( 6 )  
The results obtained here are the same, of course, as given 
by Ganesan and Srinivasan (11) for calcium fluoride. 
Analytically, Born (4) has pointed out that the unit cell 
can be chosen as a rhombohedron of volume v = 2r^ bounded by 
the vectors 
a, = ro[0,l,l] , ag = rQ[l,0,i] and = rQ[l,l,0] , 
where 2r^ = a is the lattice constant. The position vector 
of a particle in the primitive cell is given by 
ro(K-l) 
Xk = [1.1,1] , (7) 
where K = 1 denotes the Ge atom, K = 2 denotes the Mg atom (1) 
and K = 4 denotes the Mg atom (2) as indicated in Fig. 2. 
Some other crystal structures that can be represented in 
the same fashion with different K values are tabulated in 
Table 1. Information obtained from the studies of the crystal 
structures given in this table are useful in our present 
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Table 1. Position of atoms in a rhombohedron volume 
K 1 2 3 4 
f.c.c. X 0 0 0 
NaCl Na 0 Cl 0 
ZnS Zn S 0 0 
Ge Ge Ge 0 0 
CaP2 Ca F 0 F 
MggSi Si Mg 0 Mg 
research on lattice vibrations. 
In reciprocal space, the reciprocal vectors defined by 
the relation (a^bj) = are found to be 
b^ = 2^ ^2 ~ 2^ [1,-1,1] and hj = [1,1,-1} . 
Thus, a vector in the reciprocal lattice is given by 
b — h^b^ ^2^2 ^  h^b^ , 
where h^'s are integers. Then, 
^ ^ [hg+h^-h^, h^+hi-hg, hi+hg-h^] 
2rQ t^x* ^y* ^zl * 
where h^, hy and h^ cover all sets of integers which are 
either all odd, or all even. Hence, the reciprocal lattice 
is body-centered, as is well known for a f.c.c. structure. 
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The first Brlllouln zone of the crystal is then of the form 
of an octahedron with Its vertices cut off. The boundaries 
are given by the planes 
q z  =  ± i ; q y  =  ± i ; q z  =  ± i ;  
and Sz + %y + %% = ± 2 ' (9) 
where the q*s are defined by the lattice wave vectors 
The fluorspar structure is characteristic of many ionic 
compounds, such as CaP? and BeCl2. Some materials having the 
same structure appear to be metallic. However, for our semi­
conducting compound Mg2Ge, we may assume that the crystal 
structure was formed from a germanium crystal by replacing 
the Ge atom in position K = 2 by 2Mg atoms in positions K = 2 
and K = 4. The resulting structure is similar to the struc­
ture of germanium, which is known to have a covalent bond. 
A mixture of covalent and ionic bonding has been observed by 
Whltten (31) for Mg2Si, the sister compound of Mg2Ge. Making 
a comparison between these two compounds,.we believe that a 
mixture of covalent and ionic bonding may also be the case for 
MggGe. All calculations in this work will be based on the 
assumption that a mixture of covalent and ionic bonding exists 
in MggGe. 
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CHAPTER II. PREPARATION OF SAMPLES 
A. Preparation of Mg2Ge Ingots 
From an experimental point of view, samples are of funda­
mental importance. Large single crystals of MggGe are not 
available in the market at present. However, relatively small 
single crystals of Mg2Ge had been grown previously in this 
laboratory by Redin (26). In order to meet our special re­
quirements for large single crystals, some important changes 
were made to improve Redin's process. 
Mg2Ge single crystals were prepared from stoichiometric 
proportions of magnesium and germanium. The components were 
placed in a crucible of special design. The crucible was 
positioned in an electric resistance furnace, so that the com­
ponents could be melted and then frozen in the desired temper­
ature gradients. In this process, the melt was cooled from 
above the melting point (1115°C) to below the melting point of 
the components in such a way that the isothermal surface near 
the melting point would pass from one end of the crucible to 
the other with the desired freezing zone velocity. 
The crucible consisted of a graphite cylinder with a 
spectrographically pure graphite liner and a screw-on cap. 
The liner had an inside diameter of either 15/16 or 11/16 of 
one inch and a length of either 2 1/4 or 3 I/^ inches. The 
Inside of the bottom of the liner was tapered to a 60° point, 
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so that shortly after crystallization had begun, a single 
favorably oriented nucleus would grow to fill the entire cru­
cible . 
The furnace had been designed so that the thermal distri­
bution in the furnace had a parabolic form. The maximum 
thermal flux was at the middle of the furnace. A maximum 
temperature gradient 80°C/in could be obtained by placing the 
crucible at the lowest part of the furnace. 
Two Chrome1-Alumel thermocouples were placed in holes 
drilled in the outer graphite cylinder. One thermocouple 
junction was near the point, the other was one inch higher. 
The difference in temperature readings from the two thermo­
couples was then the temperature gradient. 
One of the difficulties in the process is that the melt­
ing point of the compound is slightly above the atmospheric 
boiling point of magnesium. Evaporation of the magnesium 
caused the products to be germanium rich. The central part 
as well as the upper part of the product was often Ge-Mg2Ge 
eutectic. A zircotube with an inside diameter of 1 3/4 
inches was placed outside the crucible. It was evacuated to 
a pressure of about 30 torr, and then filled with argon to a 
maximum possible gauge pressure of 38 psi in order to reduce 
the rate of evaporation of the magnesium. 
Another difficulty in the process may be due to the 
expansion of the compound on freezing (germanium also exhibits 
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expansion on freezing). The crucible could act as a con­
straint on the growing crystal, and this constraint could give 
rise to large stresses which would cause plastic deformation, 
or other crystalline imperfections. Such constraints were 
also part of the reasons why the ingot was often cracked. 
We found that in the process of growing these single 
crystals of Mg2Ge a larger temperature gradient often produced 
better results. However, when a large gradient was used the 
crystal was cooled after growth to a temperature appreciably 
below the growing temperature. Stresses were produced by the 
contraction (or expansion) of parts of the crystal having dif­
ferent temperatures. In order to eliminate the stress caused 
by the expansion on freezing and by the large temperature 
gradients, an annealing procedure was adopted. The crystal 
was held at a temperature of 850°C for 10 hours, and then 
quickly cooled to room temperature. 
The freezing zone velocity, which was one of the most 
important variables in growing these crystals, was controlled 
by the adjustment of the power input of the furnace. The 
furnace was connected to an automatic controller which could 
change the temperature in the furnace at any desired rate. 
The magnesium used in the crystal growing was obtained 
from Dow Chemical Co. It had been sublimed and had a stated 
purity of 99*99 per cent or higher. The magnesium was cut in 
pieces to fit the crucible and rinsed in dilute HCl just be­
13 
fore it was used. Germanium was obtained from Eagle Pitcher 
Co. It had a stated resistivity of 40 ohm cm. It was broken 
Into small pieces and etched with a mixture of 1 part HP and 
4 parts HNO^ just before it was used. 
Ten batches of MggGe were made. The quantities of raw 
materials used ranged from 15 g to 55 g. Only the last two 
batches had the following optimum conditions which gave very 
good results. 
Temperature gradient 80°C/ln 
Freezing zone velocity 0.25 In/hr (20°/hr) 
Mazlmum temperature 1170°C 
Soak time at maximum temperature 30 mln 
Annealing temperature 850°C 
Annealing time 10 hours 
Pressure 38 Ib/in^ 
Under the above set of conditions, the crystal would usually 
grow in a particular direction related to the wall of the 
crucible. A natural cleaved plane (111) always formed a 38° 
angle with the wall. It was believed that this direction was 
determined by the thermal conductivity and surface energy of 
the crystal and could not be changed under the same set of 
conditions. This fact determined the size of the crucible to 
be used in order that we may cut samples 1 cm long by 1.5 cm 
diameter with the desired crystal orientation for the sound 
velocity measurements by a resonance technique. 
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B. Samples for Sound Velocity Measurements 
For sound velocity measurements, a cylindrical specimen 
with a diameter of 1.5 cm and a thickness about 1 cm is re­
quired to obtain reliable results (33)• The two parallel sur­
faces of the specimen need to be oriented in the particular 
direction along which the sound velocities are to be studied. 
Since the purpose of this research is to find the elastic 
constants of the specimen, the choice of the crystalline ori­
entation is based on the relations between the sound veloc­
ities and the elastic constants. It will be shown in Chapter 
IV that the sound velocities in the [lOO] direction for a 
cubic system are simply related to the elastic constants 
and Cn' The remaining elastic constant 0^2 niay be obtained 
from the sound velocities along either the [111] direction or 
the [llO] direction together with the previously obtained 
and However, the (111) plane is the natural cleavage 
surface for ^ specimen with (111) planes as parallel 
surfaces may be relatively easily prepared and, of course, can 
be more precisely oriented. 
Two specimens with the following dimensions have been 
obtained for sound velocity measurements (Table 2). 
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Table 2. Specimens for sound velocity measurements 
Specimen Orientation Diameter Length 
1 [100] 1.5 cm 0.9260 cm 
2 [111] 1.5 cm 0.7635 cm 
We applied the back reflection Laue technique to deter­
mine the crystalline orientation of the Ingots. A knowledge 
of the arrangement of the atoms in the crystal, as given in 
Fig. 1, was found to be helpful. Three pictures were taken 
at three different points on the Ingots for each orientation 
to ensure single crystal throughout the ingots. The errors 
in orientation so determined were estimated to be within 1°. 
The specimens were cut from the Ingots by the spark tech­
nique (15). An error less than 1° may be induced in this 
process. However, the sound velocity measurements were insen­
sitive to the errors in orientation of the crystal, so no 
attempt to reduce this error was made. The parallel surfaces 
of the specimen were ground to remove the damaged layer. The 
grinding steps were carried out by hand. No. 000 sand paper 
was used in the last step for the fine grinding. Since MggGe 
reacts with water (the activity depends on the stoichiometric 
ratio of the compounds), paraffin was used as a coolant. To 
ensure a parallel surface, the sample was placed in a cylin-
16 
drlcal holder and a uniform weight was placed on the top of 
the specimen. Benzene was used to remove the dirt and grease 
after grinding. Highly polished scratch-free surfaces were 
produced with a soft cloth. The cylindrical wall of the 
specimen, however, was not ground or polished. 
C. Samples for Heat Capacity Measurements 
Since large crystals with a good standard of quality 
could not be obtained for the heat capacity measurements, 
several ingots were used. These ingots were ground by sand 
paper to remove the impurities on the surface and then were 
cleaned with benzene. To ensure good thermal contact among 
the samples in the container, the cleaned ingots were broken 
into small pieces. Those pieces were selected which passed 
through a screen of 1/8 inch mesh, but not through a screen 
of 1/16 inch mesh. All samples thus had a largest dimension 
between I/I6 inch and 1/8 inch and the surface effect on the 
heat capacities could be disregarded. Single crystals and 
some good solid polycrystal ingots of Mg^Ge were used. The 
stoichiometric ratio of the samples were studied by chemical 
methods and found to be satisfactory. 
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CHAPTEH III. SOUND VELOCITY MEASUREMENTS 
A. Apparatus 
The apparatus for the resonance measurements was devel­
oped originally by Whitten (32) and has been described in his 
thesis on elastic properties of magnesium silicide. A few 
modifications have been made recently, and we shall give a 
brief description of the present apparatus. 
The idea of this experimental system is based on the can­
cellation of a traveling wave train, which has undergone re­
flection at the ends of the specimen by a second wave train 
coming from the same transducer. A block diagram is shown 
in Fig. 4. The specimens were sandwiched between two 10 Mc 
quartz transducers in the sample holder. A General Radio 
805 c signal generator modulated at 1000 cycles per second 
was used to excite one of the transducers. The output of the 
second transducer was amplified by a Hewlett-Packard model 
460A wide-band amplifier and demodulated with a microwave 
silicon diode. The resulting 1000 cycle signal was amplified, 
rectified and displayed by a PRD electronics type 277B stand­
ing wave amplifier. The frequency of the generator was swept 
from 5 to 15 Mc and about 25 resonances were obtained. The 
frequencies of these resonances were measured with a Berkeley 
model 5571 frequency meter and were recorded to the nearest 
kilocycle. The transducers had a diameter of 1.2 cm and were 
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DEMO -
DUVATOR 
SIGNAL 
STANDING 
WAVE 
AMPLIFIER 
WIDE BAND 
AMPLIFIER 
FREQUENCY 
METER 
OSCILLATOR 
COMPOSITE 
Pig. 4. Block diagram of the experimental system for sound 
velocity measurement in single crystal of Mg2Ge 
COUPLING FILM SPECIMEN 
RECEIVING 
TRANSDUCER 
TRANSMITTING 
TRANSDUCER 
PULSE I 
COINCIDENT 
OUTPUT PULSE 2 
Pig. 5. Relative position of the transducers, the coupling 
films and the specimen in sound velocity measurement 
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either x-cut or y-cut so that either longitudinal or shear 
velocities could be measured. The outer face of each trans­
ducer was coated with a thin film of silver paint to obtain 
an effective disc area 1 cm in diameter. Two bonding mate­
rials were used for satisfactory transducer coupling over the 
temperature ranges. Silicone Grease was used in the range of 
80 to 240°K, and Phenyl Salicylate was used between 240 to 
320°K. 
Fig. 6 shows the composite oscillator and the cryostat. 
The sample holder was housed in a double wall cylinder and 
placed in a simple N2 bath. The heater, which was non-induc-
tively wired, was placed surrounding the specimen. Hejij. was 
used as exchange gas. A pressure of 5 x 10"^ mm of Eg was 
obtained in the space between the double walls. A copper-
constantan thermocouple was used to measure the temperature 
of the sample. The thermocouple voltages were measured on a 
Bubicon type B potentiometer with a Leeds and Northrup type E 
galvanometer. Two cadmium sulfide photocells mounted on the 
galvanometer were used to control the temperature. The photo­
cell activated relays, which switch the heater current, were 
arranged so that a damping action was introduced whenever the 
temperature oscillations exceeded approximately 0.1°K. The 
temperature was thereby controlled to within 0.5°K during a 
measurement. By adjustment of the heater current at different 
temperatures, it was always possible to obtain a stable 
20 
] 
CUPRO-NICKEL SUPPORT 
COAXIAL CABLES TO 
APPARATUS 
VACUUM JACKET 
SYNTHANE CYLINDER 
GLASS FLASK 
THERMOCOUPLE UNDER 
SCREW HEAD 
PHOSPHOR-BRONZE 
ELECTRODES 
GROUND WIRE SOLDERED 
TO SPECIMEN 
NONINDUCTION HEATER 
TRANSDUCER 
SPECIMEN 
HEAT SHIELD 
Pig. 6. Schematic sketch of the cryostat and the sample 
holder for sound velocity measurement 
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temperature during the measurement. 
B. Data Analysis 
In order that the number of wavelengths in the acoustic 
path, and hence the velocities, may be determined unambigu­
ously at a measured carrier frequency, it is necessary to 
apply a correction to allow for the effect of the transducer 
and the oil film (which couples the transducer acoustically 
to the face of the specimen). For the theoretical analysis 
(33) we shall consider the experimental arrangement shown in 
Pig. 5 where the relative positions of the transducers, the 
coupling films and the specimen are shown. Pulse 1 is propa­
gated into the specimen from a transmitting transducer. Mul­
tiple reflections then occur between the ends of the specimen; 
and an appropriate electrical output is obtained from the 
receiving transducer. Pulse 2 is then transmitted from the 
same exciting transducer; and, at the receiving transducer, 
it is made to coincide with the output of pulse 1. The re­
ceived signal caused by pulse 2 will be given by the equation 
yg = A sincJt . (10) 
The received signal caused by pulse 1 is, then 
y^ = A sin [a) (t -it ) + 2 , (11) 
where t is the time required for the pulse to cross the 
specimen, and is the phase shift due to reflection at the 
transducer. The output signal from the receiving transducer 
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Is 
+ Yg = Ai(sin lOt + sin[tO(t -2t ) + 2 
= 2A sinCcO(t - T ) + cosCtOT- . 
(12) 
The resonance condition, therefore, is 
cos(Wt - = 0 , 
or 2 TTf^T - <frn = .% » (13) 
where n is a positive integer. 
The phase shift is an unknown to be determined. It 
depends upon the characteristics of both the transducers and 
the coupling film. Williams and Lamb (32), using transmission-
line equivalent-circuit theory, have obtained the following 
expression: 
Z™ 
-i. tanGij + tan0p 
*rn = - 2 _? Ez ] . (14) 
S Zm 
1 - ~ tanQm tanôp 
P 
In this expression, the subscripts P, T, and S represent the 
coupling film, the transducer, and the specimen respectively. 
The characteristic impedance Z is defined as (Z)^ = (ÇV)^. 
The argument 9^ is defined as 9^ = 2nfa(^^%' In the case of 
the transducer ©rp = TT ~ Trfn/^T* '^^e quantities f , 
L, V and f are respectively the density, thickness, sound 
velocity and resonance frequency. Whitten (31) had simplified 
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V 
'p 
larger than The phase shifts then reduce to 
this expression with the approximation that (^) = fp is much 
cXj -a * 
_T 
'Crn ' •" - 2 tan-1 J . (15) 
/Jip I , 
"8 ip 
tanOj 
> 
1 " 5  ^ TT 7  ^ tane-T fr ^ 
When fjj approaches frp, then 0,p approaches tT and equation 15 
reduces to 
Furthermore, it is easy to show that 
M  =-2^"" 
> fn 1-^) --" l / 'T-
fn 
By a Taylor expansion, the phase shifts at frequency near fip 
can be written as 
"Cm = ( 
- ^ Li - ] • (16) 
We see, therefore, that when the thickness of the film, 
Lp, is small, it has practically no effect on the phase shift 
near f.p. 
To determine the velocity of sound in the specimen, we 
substitute equation l6 for in the resonance condition 
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given by equation 13 and obtain 
- 1 + 2 " • (17) 
For n increasing by one, we have from equation 17 
zg ^  • (18) 
Substituting equation 18 into equation 1? and eliminating , 
we obtain the expression 
fjn Zrn 
n  =  - T J -  - 2 ^ - 1 .  ( 1 9 )  
Here, to evaluate n, we need to know only approximate values 
Zm 
of s— and A f_. Once n is known, we can find -c from equation 
y /jrn 
17. Since =~ is not precisely known we may introduce T * which 
is defined as 
2fn T* - 1 = n . (20) 
At fn = fT we see from equation 8 that = T . This means 
that T is the acoustic delay in the specimen, and from Vg = 
Ig/ Tg* we can find the sound velocity in the specimen. 
Whitten (3I) by the help of the IBM 7070 computer, was able 
to find the sound velocity directly from equation 15• He 
wrote the resonance condition as 
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' t/£in0|p 
+ 1? tan'l ^ n + 1 . (21) 
He minimized its squared deviation from a straight line of the 
form 
2f^T' = n + no , (22) 
z 
by adjusting the value of tr — • The sound velocity can 
Zp fp 
be obtained from the slope 2T' of the straight line, such 
that 
Vg = • (23) 
C. Results 
Since Whltten's program was ready to use, the data anal­
ysis for Mg2Ge was done with the help of a computer. The 
impedances at room temperature for both the transducers and 
the samples were given in the following table and used in the 
computation process (Table 3)« 
Table 3* The impedances at room temperature for quartz and 
Mg2Ge 
Material 
Impedance 
Longitudinal 
(lO-^a/cm^ sec) 
Transverse 
Density 
(g/cm3) 
Transducer 15.14 10.15 2.65 
Mg2Ge sample 20 12 3.10 
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Values of 2t' = ~ as a function of temperature were 
tabulated in Table 4. The sample lengths at room temperature 
were measured with a micrometer. The length at other temper­
atures could be calculated from the expansion data which will 
be given in Chapter IV. From the value of for sound waves 
in different directions at different temperatures, the veloc­
ities V can be calculated from these values and the calculated 
sample lengths L. Two velocities in each of the [100] and 
[111] directions are tabulated in Table 4 and shown in Fig. ?. 
The precision of the measurement was indicated by the 
random fluctuations with temperature. The principal causes of 
this fluctuation were: the correction for the transducers and 
bonds, the irregular scattering of the waves on the boundary 
of the sample, and inadequate temperature control of the 
apparatus. Some systematic deviations in the velocities were 
also observed when different bonds were used. On the basis 
of this fluctuation and the systematic error due to different 
bonds all the measurements were estimated to be accurate only 
to about 1^. However, as Whitten (31) noted, the results were 
sufficiently accurate to calculate the elastic constants. 
It is interesting to find that the sound velocities in 
Mg2Ge are, except for the longitudinal wave in the [lOOj 
direction, almost independent of temperature. The least 
square fit gives the following results: 
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Table 4a. Sound velocities, [100] direction, shear wave 
2L 2L 
T°K V V(10 cm/sec) T°K V V(10^cni/sec) 
85 4.836 3.820 215 4.748 3.896 
101 4.797 3.851 224 4.714 3.925 
116 4.833 3.823 234 4.720 3.920 
130 4.804 3.847 243 4.721 3.920 
142 4.883 3.785 251 4.736 3.908 
154 4.871 3.795 260 4.719 3.923 
166 4.896 3.776 268 4.806 3.852 
176 4.781 3.867 276 4.793 3.863 
187 4,870 3.797 284 4.801 3.857 
197 4.735 3.906 291 4.701 3.939 
206 4.729 3.911 299 4.802 3.857 
Table 4b. Sound velocities, (lOOj direction, longitudinal 
wave 
2L 2L 
T°K V V(10^cin/sec) T°K V V(10^cia/sec) 
84 2.897 6.376 206 2.938 6.296 
101 2.905 6.359 215 2.947 6.277 
116 2.916 6.336 224 2.968 6.234 
129 2.907 6.357 234 2.932 6.310 
141 2.921 6.327 248 2.908 6.364 
154 2.917 6.337 257 2.901 6.380 
165 2.922 6.327 265 2.909 6.364 
174 2.925 6.321 273 2.914 6.354 
176 2.932 6.306 281 2.921 6.339 
186 2.929 6.313 289 2.906 6.373 
196 2.954 6.260 299 2.932 6.317 
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Table 4c. Sound, velocities, [111] d.lrectlon, longltud.lnal 
wave 
2L < 2L 
T°K V V(10 cm/sec) T°K V V"( 10 cm/sec) 
83 2.474 6.156 215 2.497 6.108 
100 2.476 6.152 223 2.425 6.290 
115 2.463 6.185 232 2.508 6.083 
128 2.466 6.178 242 2.445 6.241 
141 2.468 6.174 251 2.437 6.262 
153 2.474 6.160 260 2.503 6.098 
164 2.472 6.166 268 2.503 6.098 
175 2.468 6.177 276 2.496 6.116 
185 2.487 6.130 284 2.499 6.110 
196 2.483 6.141 291 2.505 6.096 
205 2.485 6.137 299 2.493 6.125 
Table 4d. Sound velocities, (111] direction, shear wave 
2L IT 2L 
T°K V V(10 cm/sec) T°K V V(10 cm/sec) 
84 3.877 3.928 215 3.933 3.878 
101 3.900 3.906 224 3.916 3.895 
116 3.854 3.953 235 3.788 4.027 
129 3.915 3.892 241 3.801 4.014 
l4l 3.891 3.916 249 3.875 3.938 
154 3.910 3.898 258 3.881 3.933 
165 3.912 3.896 266 3.923 3.891 
176 3.928 3.881 275 3.927 3.887 
186 3.926 3.884 283 3.929 3.886 
196 3.931 3.879 290 3.926 3.889 
206 3.929 3.882 298 3.905 3.910 
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Table 7b. Sound velocities in MgpGe single crystal in 
(111] direction 
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^[111]L ~ (6.15 ± 0.04) lO^cm/sec , 
^[111]8 ~ (3*91 ± 0.04) lO^cm/sec , 
^[100]8 ~ (3*86 + 0.04) lO^cm/sec . 
The sound velocities for longitudinal waves in the [lOO] 
direction can be written in the form 
^(1003L = [(6.^2 - 0.05 ± 0.04] lO^cm/sec . 
At room temperature, T = 300°K, V^jqO J L  ~ (6.27+0.04) 10^ 
cm/sec. All these results are comparable with the sound 
velocities in most solids which are of the order of lO^cm/sec. 
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CHAPTER IV. THERMAL EXPANSION 
A. Description of the Experiment 
Thermal expansion is the effect of anharmonic terms in 
the potential energy on the separation of a pair of atoms at 
a temperature T. Following Kittel (1?), we take the potential 
energy of the atoms at a displacement x from their equilibrium 
separation at 0°K as 
V(x) = ax^ - bx^ - cx^ . (24) 
The average displacement x can be obtained from the Boltzmann 
distribution function, such that 
-V(x)/kT j' X e • dx 
X = = 3kT . (25) 
— CO 
Since kT is classically the mean energy Ê of the oscillator 
in the harmonic approximation 
3E = 3 Ê ^  , (26) 
Ê in this equation may be generalized to the energy of a 
harmonic oscillator in quantum mechanics. 
The linear thermal expansion coefficient of a solid is 
defined as 
(27) 
where I>j« is the length of the solid at a temperature T. Since 
32 
L is proportional to E, thus, the thermal expansion coeffi­
cient is proportional to the specific heat. In our ex­
periment, we measured the mean thermal expansional coefficient 
I = ^  ^  . (28) 
where Lq stands for the original length of the solid at room 
temperature. For a cubic system, the thermal expansion co­
efficient is a second order tensor with one independent con­
stant only. Thus, the measurement is independent in the 
direction of the sample. 
Thermal expansion of Mg2Ge was obtained by an electrical-
resistance strain-gauge method. The gauge was fixed on the 
surface of the [111] specimen which had been used for sound 
velocity measurements. Budd Type GA-50 epoxy adhesive was 
used. A high sensitivity Wheatstone bridge was used to find 
the relative resistance change of the gauge due to thermal 
expansion of the specimen. The thermal expansion of the 
specimen was then calculated from the resistance readings of 
the balance Wheatstone bridge and the average gauge factor G 
between room temperature and the measuring temperature. The 
relation, in our case, is given by 
AL ^  1__ 1.006 X 100.4 1 
L qT 18500 -, 100.4 + 18500 
^ % - I8500 
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where Bj Is the resistance reading at the measuring tempera­
ture and A R is the increment of the resistance reading. 
The apparatus was designed In the Ames Laboratory by Mr. 
J. Rhyne who used it for magnetostriction measurements. A 
detailed description will be given in his dissertation. 
The thermal expansion of Mg2Ge was obtained in the 
temperature range 90° to 300°K. The temperature control and 
the temperature determination were similar to that of our 
equipment for sound velocity measurements. The experimental 
errors were estimated to be less than two per cent. 
B. Results 
The experimental results at different temperatures were 
tabulated in Table 5» and plotted in Fig. 8. The general 
feature of the thermal expansion coefficient curve was similar 
to that of a typical specific heat curve and agreed with 
equation 27» At 300°K, the thermal expansion coefficient for 
MggGe was 1.5 x 10"^/deg. The volume expansion coefficient 
for MggGe was therefore 4.5 x 10~^/deg. 
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Table 5. Determination of the thermal expansion of MggGe 
T(°K) T(°K) a? AE G 3(10"V°K) 
294.6 0 18500 - - - 1.495 
261.0 -33.6 15440 -3060 2.190 -4.941 1.471 
236.0 -58.6 13668 -4832 2.208 —8.678 1.481 
208.0 -86.6 12191 -6309 2.230 -12.571 1.452 
174.5 -120.1 10871 -7629 2.250 -16.874 1.405 
135.4 -159.2 09691 -8809 2.264 -21.696 1.363 
115.0 -179.6 09226 -9274 2.265 -23.970 1.335 
89.0 -205.6 08770 -9730 2.268 -26.405 1.284 
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CHAPTER V. ELASTIC CONSTANTS 
A. General Considerations 
The elastic constants of solids are directly related to 
the nature of the binding forces, and are of importance in 
connection with thermal properties of the solid. In this 
chapter, we treat the crystal as homogeneous. In other words, 
we consider elastic waves of long wavelength only. The elas­
tic properties of a crystal are generally anisotropic (23). 
For a cubic system of Mg2Ge, when Voigt's notation is 
used, the coefficients C^j, defined by the generalized Hooke's 
law 
Pi = ej ^ i, j = 1, 2, —6 (30) 
are of the form 
ICijt = 
^11 *^12 ^12 0 0 0 
^12 ^11 ^12 0 0 0 
C12 ^12 ^11 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 C44 
(31) 
In equation 30 and ej are the stress and strain elements 
respectively. In equation 31 are the elastic constants. 
From the theory of the elasticity of solids, the velocity 
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of a sound wave V can be related to the elastic constants by 
the following determinant. 
0;llP^+C^^(q^+r2)-?V^ <=12+°W'P1 
(Cl2+G44)P9 C^q2+Ciji^(r2+p2)-?v2 
( )rp 
(Ci2+C4i,.)pr 
(^22^^44^ 
Ciir2+C4i^(p2+q2)_^Y^ 
= 0 . (32) 
In this determinant, f is the density of the solid and p, 
q, r are the direction cosines of the wave vector with respect 
to the cubic axes. The elastic constants, therefore, can be 
found as functions of the sound velocities in special direc­
tions of the crystal. The simplest relations are given by 
the velocities in [100] direction. They are: 
^^tioo] ' (=44 (twice) , (33) 
and 
Obviously, equation 33 is for shear waves, while equation Jk 
is for longitudinal waves. In [111] direction, we have 
^^[111] ^ (Cii + - C^2)/3 (twice) , (35) 
and 
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= (=11 + ^ =12 + "S#)/) - <36) 
Again equation 35 is for shear waves and equation 36 is for 
longitudinal waves. In other directions, the relations are 
somewhat more complicated. Three equations can be obtained 
in [110] direction, two for shear waves, and the other for 
longitudinal waves. 
B. Elastic Constants of MggGe 
For MggGe, we measured the sound velocities g, 
^(100} L* ^[111] 8* ^tllljL* three elastic constants. 
Cil» and C^2* were found from the four equations 33» 3^» 
35, and 36, by using the theory of least squares. The rela­
tions among elastic constants and sound velocities were 
written as follows: 
26C44 + + 7^12 ^ ^ '^^[100] S ^[111] S ^^L111]L^ * 
5C44 ^^^11 * ^ 12 = 3? (3^^100] L ^flll] S ^[111] * 
and 
7G44 + ^11 + 50^2 = 3 2(2V[iii]L - ^(iil]S^ • ^37) 
The density S can be computed from the atomic weights 
of the Mg and Ge atoms, the lattice constant and the expansion 
data. At room temperature, the lattice constant determina­
tions by various workers were summarized in Table 6 by Whit-
sett (30). 
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Table 6. Lattice constants determinations 
Lattice constant Investigators 
6.380 2. Kleem and Westlinning 
6.378 ^  Busch and Winkler 
6.378 & Zinth and Kaiser 
The value of 6.380 2 was used for the attice constant of 
MggGe, the density at room temperature was calculated to be 
3.100 gm/cm^. The elastic constants were calculated from 
equation 37 and the sound velocities from the smoothed 
straight lines given in Chapter IV. Since the sound veloc­
ities were linear functions of the temperature, the tempera­
ture dependence of the elastic constants were also linear in 
the range from 100° to 300°K as shown in Fig. 9. Extrapola­
tions were made according to the general property that the 
elastic constants as function of temperature approach the 
T = 0 axis with zero slope(l4). 
The errors of the determinations of the elastic con­
stants were introduced by the errors of the sound velocity 
measurements. We should consider the uncertainty in the lat­
tice constant, the imperfection of the crystal, residual 
stains in the specimen, slight difference in stoichimetry, 
and errors in the alignment of the propagation direction. 
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We write, therefore, 
= (11.79 ±0.15) 2 10^ d/cm^ , 
Ci2 = ( 2.30 + O.5O) X 10^1 d/cmZ , 
and 
= ( 4,65 + 0.10) X lO^l d/cm^ (38) 
for elastic constants of Mg2Ge at room temperature. Equation 
38 will be used in the calculation of Debye temperature at 
0°K. 
The elastic constant of MggGe as determined by these 
experiments are compared with those of MggSi, Ge and Si in 
Table 7. Three facts, which are of fundamental importance 
for lattice frequency calculations can be seen from this 
Table 7» Elastic constants of MggGe, Mg^Si, Ge, and Si 
at room temperature 
Material 
Cii(10^1 
d/cm^) 
Cl2(10ll 
d/cm^) 
044(10!! 
d/cm^) S* t* 
Mg2Ge 11.79 2.30 4.65 1.02 0.86 
MggSi (15) 12.10 2.20 4.64 1.07 0.84 
Ge (14) 12.88 4.83 6.71 0.60 1.20 
Si (14) 16.57 6.39 7.95 0.64 1.14 
a 
S = ^ 11 " ^ 12 . 
(7C; 11 2^12)244 
2C44 ' 3(Gii + 2Ci2)(Cll - C12) 
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table. 
1. For all these materials C12 is smaller than 
The Cauchy relation 0^2 = Is not satisfied. 
2. The elastic isotropy factor S (14) is close to 1 for 
both MggGe and MggSi, while for Ge and Si, is only about 0.6. 
This difference occurs because the Mg atoms occupying the 
positions K = 2 and K = 4 in the primitive cell have improved 
the symmetry of the diamond structure of Ge and Si. We may 
then consider both Mg^Ge and MggSi as elastic isotropic sys­
tems . 
3. The factor t is based on a relation between the elas­
tic constant for a force model introduced by Harrison (13)• 
In that force model, nearest neighbor central forces and 
restoring forces which maintain the tetrahedral bond angles 
were considered. Under the assumption of only two force 
constants, one for bond length and the other for bond angle, 
the relation between the elastic constants is given as fol­
lows: 
(7C11 + 2Ci2)C44 = 3(Cii + 2Ci2)(Cii " ^ 12^ ' (39) 
The value of t is about 1^% less than one for the intermetal-
lic compounds and about 15^ over one for the elementary semi­
conductors. The covalence bond may be expected in all these 
crystals. 
For cubic systems, the Debye temperature at 0°K can be 
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calculated from the elastic constants at room temperature by 
Blackman's semi-empirical formula (2), 
(Cll-Gl2)^/^(C11+Gl2+2G44)1/2C , 
(40) 
where n is the number of atoms in a unit cell, h is the Planck 
constant, and k is the Boltzmann constant. For MggGe, we cal­
culated from equations 40 and JQ that 
(0) = 492 + 8°K . (41) 
The elastic moduli can be obtained from the matrix 
inverse to the stiffness constant matrix equation 31. For 
cubic system, the conversion formula reduce to the following 
simple forms (23): 
S = ^11 ^12 
11 (CJ^I+2C^2) ^^11"GI2^ 
= "^12 
(Ci2+2C22)(Cii-C22) 
^44 = c# (42) 
From our value of elastic constants listed in Table 7, we 
calculated the elastic moduli for Mg2Ge at 300°K as follows: 
Sii = 0.091 X lO'll cm^/d , 
8^2 = -0.015 X lO'll cmVd , 
844 = 0.215 X 10-11 cm^/d . 
The three linear (along a cubic axis) and the volume com-
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pressibilltles are related to j by 
Bl - + 
^12 
+ 1—
1 C
O
 
B2 = ^21 + 
^22 
+ 
^23 » 
®3 = ^31 
+ 
^32 
+ 
^33 ' 
By = + Bg + . (43) 
o 
For Mg2Ge at 3OO K, the compressibilities are evaluated from 
equation 43 that 
B^ = Bg = Bg = 0.061 xlO"^^ cm^/d , 
By = 0.183 X lO'll cm^/d . 
The volume compressibility By will be used in obtaining the 
specific heat Cy from Cp in Chapter VIII. 
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CHAPTER VI. LATTICE VIBRATION FREQUENCIES 
A. Lattice Vibration Theory 
The simplest approach of a lattice dynamics problem is 
based on an assumption which considers the atoms in a crystal 
as charged particles. 
Lattice vibration theory for a point charge model has been 
well developed by Born and Huang (5). The application of this 
theory to Mg2Ge will begin with a brief summary of their 
treatment of the problem. At the same time we shall explain 
the notation. We consider a cell whose basic lattice vectors 
are a^, a2, and a^. Particles (ions) in this primitive unit 
cell are labelled with the index K, and their positions in the 
amÀ 
cell are given by the vector Xj^. The positions of particles 
in any other cell are described by the vectors 
—* 0. —* 0 —* 
X(^) = X< + Xk , 
where 
Q 
X = (^a^ + Jl2^2 •'13^3* A is a shorthand notation 
for ^2* ^2* ^3* 
^ g n 
Let the rectangular components of X(^) be X^ ( ( o< = 1,2,3)» 
The potential energy for a disturbed lattice will be 
0 
denoted by ^ which is a function of all The second 
derivation of ^ in equilibrium will be denoted by 
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<J> r ^ jr-"l 
^a8\K K'' >y / ( \ % Y f ^ )  J  
The equation of motion for small vibrations of amplitude 
Ualg) = Xa(jj - Xao(l) • 
are 
"K "a 1^1 + ^2^. fae 
where is the mass of the particle of type K. This equation 
can be solved by plane waves of the following form 
U(^) = e-'"" , (45) 
where ^  is the wave vector and c*3 the angular frequency. 
With this solution, equation 4-4 becomes 
2  [ ^ f ]  U k'B = ° • (46) 
Û. p 
In the above equation 
— »  — * 0 ' '  f t  \  
is called the coupling coefficient where X' = J - X(^j|. 
Since, in a crystal lattice, the potential function can be 
split into a Coulomb and a short range part, it follows that 
the coupling coefficient can be written as 
Equation 46 represents nine linear equations for Mg2Ge which 
4? 
has three particles in a primitive unit cell. The secular 
equation for this sytem of equations is of the form 
6 kk* * (a p] =0. (^9) 
B. Coupling Coefficients of MggGe 
1. Short range part of the coupling coefficient 
The covalent in MggGe bonds implied in the last chapter 
suggest short range forces. The short range force can be sep­
arated into central and non-central parts as defined by 
DeLaunay (10). The potential energy function for the 
central force can be written at' 
JII p , 2 
_ _£ç 1 
f"K" ' " j"K" 
s>c = J., y; - J. - . ,50) 
In the above equation, is the central force constant and 
X" = %(**) - X(^j. Therefore the second derivative of in 
the equilibrium state is 
T' X"X* 
^ap(K KOc ~ xm2 ^ ^ *KK" " ^ Si X* ^KK*^ * 
The short range part of the coupling coefficient for the 
central force can then be written as follows 
,iq.X* 
= 2 e^9-X' . 2 Wp gg g. . (52) 
I* X*2 4"K" X"2 
48 
For axial symmetry consideration, the potential energy func­
tion for the non-central forces can be written as 
f... Ï ^ ,„„ j"K" 2 ^, ,2  
The second derivative of in the equilibrium state is 
^KK" " 6KK') 
(541 
The coupling coefficient for the non-central force then 
becomes 
STK K'l = S A % 
l a p J n  X " 2  '  
J  - n f ^ -  W  <«) 
Combining equations 52 and 55» we obtain 
X'fX' 
4' ' " X' 
faf]- ;B^c- r, 
- &KK. - Tn) 
(56)  
In equation 56 the * denotes all K type particles which are 
acting with the particular K particle under consideration. 
The 2"K" denote particles that are not necessarily of type K 
but are interacting with the particle K. For the nearest and 
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next nearest neighbors of an atom in MggGe, the relative posi­
tions are given in Table 8. By the help of this table, we 
obtain the short range coupling coefficients from equation 56. 
They are: 
a] = - 8c^i - 4oL2 " 8^2 + ^ agcos | qg cos | q^ 
+ 4p2COS I q^tcos I qp + cos | qy ) 
^[a e) = 4 *2 si» t la I le ° 's ® 
Sri 21 glqkqa+qe+q;) + glf la aj -L 
+ + gl5(-9o-93+<l,) 
SJl 2)  ^  [elf(qa+qe+q,) .  gl|Ua-qr1»' 
. + elfl-qa-qg-q;)] 
^(a a) " " '*''1 " ^"^3 • '*^3 
1: :) = 0 
^[a a) ^ Zeyfcos | qg + cos | q^) + Zogcos | q^
r . t ]  
The 
= 0 (57) 
remaining coefficients can be obtained by the rela-
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Table 8 .  The nearest and the next nearest neighbors of 
atoms In Mg2Ge and their relative positions 
K K' Xi(|) Xg X) (5) 
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s fK KM ^ SrK'K-j* 
La 3  J  l  3  a j  
Sfl 41 = sn 21* 
Up)  La  pJ . (58) 
In équation 57» the constants a^^, and are related to 
the central and non central force constants and as 
shown in Table 9* 
Table 9. Relations among force constants 
^1 H % P2 *2 °3 S3 
V 3 { "^ 2 
/fn-fc\ 
1 2 ^03 ^n3 
The subscripts 1, 2, and 3 in Table 9 denote pairs of Mg 
and Ge atoms, Ge and Ge atoms, and Mg and Mg atoms respective­
ly. It is interesting to find that these constants a^, 
etc. are Just elements of the force matrix given in Chapter 
I. 
The coupling coefficients are the same as those given by 
Ganesan (11) for calcium fluoride. However, in the force 
matrix p^e-Ge^ there are three independent elements ag, Pg and 
while in our treatment, ag, Pg and îfg related by 
= ^2 + ^ 2' reason for this difference is that the 
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equilibrium line of the two Ge atoms is along the [lio] 
direction. There is only two-fold symmetry about this direc­
tion as noted in Fig, 1. The non-central force should in­
clude two Hooke's constants corresponding to two directions 
perpendicular both to one another and to the equilibrium line. 
We have disregarded this additional complication in the case 
for Mg2Ge, and have assumed that the elements in the force 
matrix pG^'Ge related by the relation &2 = ^2 ^ ^2 for 
isotropic consideration (axial symmetry). 
2. Coulomb part of the coupling coefficients 
The elastic field of the crystal originates as a super­
position of spherical waves arising from the vibrating point 
charges. The original work for the calculation of the Coulomb 
part of the coupling coefficient was done by Kellermann (l6). 
The numerical values calculated by him for the sodium chloride 
lattice can be converted to g] &rid p] foi" the struc­
ture of Mg2Ge with little modification. The modified results 
are given in Tables 10a and 10b, which are taken directly from 
Kellermann's paper with suitable relabelling. These values are 
calculated for 4? reciprocal wave vectors which can be shown 
in the (110) and (,100) section planes as in Fig. 10. 
The expressions for the coupling coefficients pj have 
been given by Srlnlvasan (28). We have calculated the numerl-
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cal values of °^ j at the 4? reciprocal lattice vectors 
with the help of an IBM 70?^ computer. The results are given 
in Table 11. 
The remaining coefficients can be obtained by the rela­
tions 
cfK KM _ cfK _ crK'KI* cfl 4] _ cfl 21* 
la p J Ip a J {.a pj , la gJ [a pj . (59) 
At the point q = 0 Kellermann (l6) has shown that 
la f] = . (6°) 
and 
^[a ° for a ^ p (61) 
where C = for transverse waves, and C = for longi­
tudinal waves. 
The coupling coefficients in Tables 10 and 11 have been 
divided by and are in reduced form. Therefore, these 
coupling coefficients can be used in the lattice vibrations 
calculations for the zinc-blend and diamond structure or any 
crystal structure listed in Table 1. 
5» 
[010] 
[on] 
[oio] 
% Jt [110] 
[100] 
Pig. 10. Reciprocal lattice vector used in the calculation 
of the coupling coefficients of Mg2Ge - a) section 
in (110) plane, b) section in (100)plane 
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Table 10a. Coulomb coupling coefficients °[a p] 
^^ X 
- '[M] "iù] nù] nù] ' iû] 
1.0 .5 .0 -0.785 +1.594 -0.785 0 0 0 
1.0 .4 .0 -1.812 +1.640 +0.181 0 0 0 
1.0 .2 .2 -2.938 +1.468 +1.468 0 0 -1.038 
1.0 .2 .0 -3.606 +1.961 +1.638 0 0 0 
1.0 .0 .0 -4.330 +2.160 +2.160 0 0 0 
.9 .5 .1 -0.714 +1.453 -0.714 -1.009 -0.322 -1.009 
.9 .3 .3 -1.583 +0.795 +0.795 —0 » 856 -0.856 -2.099 
.9 .3 .1 -2.699 +1.663 +0.987 -0.883 -0.335 -0.762 
.9 .1 .1 -4.047 +2.022 +2.022 -0.356 -0.356 -0.281 
.8 .6 .0 +0.059 +1.195 -1.298 -1.796 0 0 
.8 .4 .2 -1.471 +1.142 +0.339 -1.946 -1.201 -I.815 
.8 .4 .0 -1.975 +1.450 +0.535 -1.985 0 0 
.8 .2 .2 -3.184 +1.595 +1.595 -1.288 -1.288 -1.077 
.8 .2 .0 -3.911 +2.031 +1.882 -1.344 0 0 
.8 .0 .0 -4.738 +2.366 +2.366 0 0 0 
.7 .5 • 3 -0.286 +0.571 -0.286 -2.810 -2.303 -2.810 
.7 .5 .1 -0.894 +0.846 +0.062 —2.868 -0.870 -1.030 
.7 .3 .3 -1.859 +0.932 +0.932 -2.422 -2.422 -2.190 
.7 .3 .1 -3.049 +1.527 +1.526 -2.620 -0.974 -0.829 
.7 .1 .1 -4.699 +2.350 +2.350 -1.093 -1.093 -0.320 
.6 .6 .2 +0.140 +0.140 -0.274 -3.177 -1.937 -1.937 
.6 .6 .0 +0.017 +0.017 -0.022 -3.234 0 0 
.6 .4 .4 -0.552 +0.279 +0.279 -3.299 -3.299 -3.205 
.6 .4 .2 -1.594 +0.621 +0.976 —3.606 -2.145 -1.588 
.6 .4 .0 -2.090 +0.684 +1.428 -3.806 0 0 
.6 .2 .2 -3.594 +1.803 +1.803 -2.546 -2.546 -1.291 
.6 .2 .0 -4.563 +2.066 +2.500 -2.772 0 0 
.6 .0 .0 -5.782 +2.891 +2.891 0 0 0 
.5 .5 .5 0 0 0 -3.615 -3.615 -3.615 
.5 .5 .3 -0.228 -0.228 +0.450 -3.833 -2.980 -2.980 
.5 .5 .1 -0.600 -0.600 +1.214 -4.202 -1.174 -1.174 
.5 • 3 • 3 -1.659 +0.836 +0.836 -3.582 -3.582 -2.642 
.5 .3 .1 -3.050 +0.840 +2.224 -4.273 -1.546 -1.098 
.5 .1 .1 -5.526 +2.764 +2.764 -1.963 -1.963 -0.481 
.4 .4 .4 0 0 0 —3.668 —3.668 —3.668 
.4 .4 .2 -0.751 -0.751 +1.502 -4.560 -2.590 -2.590 
.4 .4 .0 -1.220 -1.220 +2.455 —5.088 0 0 
.4 .2 .2 -3.115 +1.561 +1.561 -3.720 -3.720 -2.034 
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Table 10a. (Continued) 
cfK K"! cfK K1 cfK K1 crK Kl cfK c fK K1 
q ll li 1 2  2 ]  b 3 J 11 2 J Ll 3J 12 3  J  
.4 .2 .0 -4.642 +1.414 +3.228 -4.464 0 0 
.4 .0 .0 -6.987 +3.512 +3.512 0 0 0 
.3 .3 .3 0 0 0 -3.810 -3.810 -3 .810 
.3 .3 .1 -1.352 -1.352 +2.706 -5.363 -1.872 -1 .872 
.3 .1 .1 -5.377 +2.684 +2.684 -3.243 -3.243 -1 .111 
.2 ,2 .2 0 0 0 -3.986 -3.986 -3 .986 
.2 .2 .0 -1.893 -1.893 +3.796 -6.038 0 0 
.2 .0 .0 -8.013 +3.997 +3.997 0 0 0 
.1 .1 .1 0 0 0 -4.132 -4.132 -4 .132 
.0 .0 .0 0 0 0 
Table 10b. Coulomb coupling coefficients °^ 
V  y  X Y.. X 
6264 ®2®4 ®2®4 ®2®4 ®2®4 ®2®4 
cr2 4^ cf2 41 cr2 4^ cf2 4] cf2 4l cr2 4] 
q  ll IJ 12 2 J 13 3 J ll 2 }  ll 3] 12 3 J 
1.0 .5 .0 +10.981 0 -10.981 0 0 0 
1.0 .4 .0 +12.166 -2.313 -9.856 0 0 0 
1.0 .2 .2 +13.448 -6.725 -6.725 0 0 -0.393 
1.0 .2 .0 +14.214 -6,071 -8.142 0 0 0 
1.0 .0 .0 +15.043 -7.520 -7.520 0 0 0 
.9 .5 .1 +10.530 0 -10.530 +0.438 0 -0.438 
.9 .3 .3 +11.513 -5.758 -5.758 +0.251 +0.251 —0.856 
.9 .3 .1 +12.860 -4,439 -8.473 +0.450 +0.120 -0.267 
.9 .1 .1 +14.430 -7.214 -7.214 +0.197 +0.197 -0.083 
.8 .6 .0 +8.549 +3.003 -11.548 +O.8O3 0 0 
.8 .4 .2 +10.375 -2.375 -8.003 +0.810 +0.238 -0.570 
.8 .4 .0 +11.079 -1.692 -9.391 +1.050 0 0 
.8 .2 .2 +12.524 -6.263 -6.263 +0.634 +0.634 -0.244 
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Table 10b. (Continued) 
Y. ... v * 7 K V * V * 
®2®4 ®2®4 ®2®4 ®2®4 ®2®4 ®2®4 
cîZ 41 0(2 41 cr2 41 c\Z 4) cf2 41 cf2 4] 
q Il ij 12 2J 13 3J Il 2] Il 3} 12 3} 
.8 .2 .0 +13.402 -5.633 -7.779 +0.793 0 0 
.8 .0 .0 +14.386 -7.193 -7.193 0 0 0 
.7 .5 • 3 +6.838 0 -6.838 +0.742 0 -0.742 
• 7 .5 .1 +8.148 +1.342 -9.479 +1.423 +0.075 -0.191 
.7 .3 .3 +9.281 -4.642 -4.642 +0.918 +0.918 -0.308 
• 7 .3 .1 +10.970 -3.368 -7.605 +1.522 +0.434 -0.051 
.7 .1 .1 +13.021 -6.512 -6.512 +0.688 +0.688 +0.006 
.6 .6 .2 +4.312 +4.312 -8.615 +1.293 -0.172 -0.172 
.6 .6 .0 +5.004 +5.004 
-9.997 +1.697 0 0 
.6 .4 .4 +4.933 -2.470 -2.470 +0.694 +0.694 -0.203 
.6 .4 .2 +7.120 -0.548 -6.566 +1.866 +0.693 +0.116 
.6 .4 .0 +8.025 +0.192 -8.201 +2.346 0 0 
.6 .2 .2 +9.933 -4.964 -4.964 +1.532 +1.532 +0.242 
.6 .2 .0 +11.200 -4.360 —6.844 +1.911 0 0 
.6 .0 .0 +12.683 -6.344 -6 «344 0 0 0 
.5 .5 .5 0 0 0 0 0 0 
.5 .5 .3 +2.379 +2.379 -4.761 +1.506 +0.436 +0.436 
.5 .5 .1 +3.929 +3.929 -7.845 +2.510 +0.276 +0.276 
.5 .3 .3 +5.252 -2.628 -2.628 +1.853 +1.853 +0.794 
.5 • 3 .1 +7.467 -1.198 -6.267 +2.974 +0.911 +0.439 
• 5 .1 .1 +10.591 -5.299 -:.299 +1.483 +1.483 -0.236 
.4 .4 .4 0 0 0 +1.330 +1.330 +1.330 
.4 .4 .2 +2.351 +2.351 -4.702 +2.932 +1.259 +1.259 
.4 .4 .0 +3.406 +3.406 -6.799 +3.695 0 0 
.4 .2 .2 +5."92 -2.945 -2.945 +2.760 +2.760 +1.270 
.4 .2 .0 +7.850 -2.137 -5.717 +3.637 0 0 
.4 .0 .0 +10.623 -5.313 -5.313 0 0 0 
.3 .3 .3 0 0 0 +2.511 +2.511 +2.511 
• 3 • 3 .1 +2.407 +2.407 -4.813 +4.359 +1.398 +1.398 
.3 .1 .1 +7.282 -3.641 -3.641 +2.869 +2.869 +0.937 
.2 .2 .2 0 0 0 +3.421 +3.421 +3.421 
.2 .2 .0 +2.421 +2.421 -4.820 +5.531 0 0 
.1 .1 .1 0 0 0 +3.993 +3.993 +3.993 
.0 .0 .0 - - - 0 0 0 
Table 11. Coulomb coupling coefficients gj 
V 
^ * ^ X V , 
®1®2 ®1®2 ®1®2 ®1®2 ®1®2 ®1®2 
c|l 21 cri 21 cil 2] cfl 2] cfl 2 cil 2 1 
q Il iJ [1 2 }  [2 2I Il 3I I2 3, [3 3j 
.1 .1 .1 0.003 4.265" 0.003 4.265- 4.265- 0.003 
1.5471 1.5471 1.5471 
.2 .0 .0 7.958 0 -3.976 0 -3.1181 -3.976 
.2 .2 .0 1.890 6.597 1.890 -3.0151 -3.0151 
-3.779 
.2 .2 .2 —0.001— 4.470- —0.001— 4.470- 4.470- -0.001-
0.0031 2.9211 0.0031 2.9211 2.9211 0.0031 
.3 .1 .1 5.270+ 3.657- -2.636— 3.657- 1.202- —2.636— 
0.0078 1.4401 0.0051 1.4401 4.5371 0.0051 
.3 • 3 .1 1.372+ 6.637- 1.372+ 2.165- 2.165- -2.750-
0.0111 1.3501 0.0111 4.2341 4.2341 0.0291 
• 3 .3 .3 —0.001— 4.731 —0.001 4.731 4.731 -0.001-
0.0051 3.9861 0.0051 3.9861 3.9861 0.0051 
.4 .0 .0 6.745 0 -3.375 0 -6.0131 -3.375 
A  .2 .0 4.466 5.653 -1.265 -2.6761 -5.8251 -3.208 
.4 .2 .2 3.015+ 4.752- -1.510 4.752 2.279 — 1 . 510 — 
0.0571 2.608I 0.0341 2.6081 5.6571 0.0341 
.4 .4 .0 1.359 7.515 1.359 -5.1931 -5.1931 -2.723 
.4 .4 .2 0.854+ 6.693- 0.854+ 3.168- 3.168- -1 .708 — 
0.0631 2.3641 0.0631 5.0821 5.0821 0.1301 
.4 .4 .4 0.001 4.935- 0.001 4.935- 4.935- 0.001 
4.6651 4.6651 4.6651 
.5 .1 .1 5.081+ 2.712- -2.543- 2,712- 0.493- -2.543-
0.0331 1.2001 0.0191 1.2001 7.1901 0.0191 
.5 .3 .1 2.906+ 6 « 518— -0.551- 2.101- 1.163- -2.358-
0.0841 1.1391 0.0101 3.5441 6.7391 0.0831 
.5 .3 .3 1.675+ 5.285- —0.837- 5.285- 2.895- -0.837-
0.2031 3.3891 0.1071 3.3891 6.3931 0.1071 
.5 .5 .1 0.960+ 7.982- 0.960+ 1.386- 1.386- -1.920-
0.1011 0.9811 0.1011 5.6841 5.6841 0.2091 
.5 .5 • 3 0.486+ 6.782- 0.486+ 3.654- 3.654- -0.967-
0.1961 2.9621 0.1961 5.5131 5.5131 0.3911 
.5 .5 .5 0.002+ 4.949- 0.002+ 4.949- 4.949- 0.002+ 
0.0131 4.9571 0.0131 4.9571 4.9571 0.0131 
.6 .0 .0 4.886 0 -2.444 0 -8.4181 -2.444 
.6 .2 .0 3.904 4.7191. 583 -2.0451 -8.1721 -2,323 
.6 .2 .2 3.137+ 4.277- -1.569- 4.277- 1.170- -1.569-
0.1881 2.0081 0.1011 2.0081 7.9621 0.1011 
.6 .4 .0 2.053 7.608 -0.082 -3.9931 -7.3311 -1.972 
. 6 .4 .2 1.657+ 7.016- -0.210+ 3.271- 1.870- -1.445-
0.3181 1.8591 0.0011 3.9491 7.2171 0.3111 
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Table 11. (Continued) 
V V ^ V .. V V .. V 
®1®2 ®1®2 ®1®2 ®1®2* ®1®2 ®1®2 
_ji c f l  21 C f l  2] c r l  2] c r i  2] c f l  21 c f l  2] 
q 11 1 j l l  2 1  l2 2 J  L l  3J I2 3J b  3 1  
.6 .4 .4 0.858+ 5.549- -0.426- 5.549- 3.128- -0.426-
0.4961 3.7351 0.2431 3.7351 6.7431 0.2431 
.6 .6 .0 0.713 8.843 0.713 -5.6831 -5.6831 -1.428 
.6 .6 .2 0.560+ 8.262— 0.560+ 2.136- 2.136- -1.119-
0.3621 1.504 0.3621 5.6781 5.6781 0.7341 
.7 .1 .1 3.433+ 2.273- -1.716- 2.273- 0.226- -1.716-
0.0691 0.8081 0.0381 0.8081 9.2171 0.0381 
• 7 .3 .1 2.379+ 6.053- -0.816— 1.931- 0.587- -1.56I— 
0.1941 0.7771 0.0501 2.3971 8.6791 0.1571 
• 7 • 3 .3 1.659+ 5.207- —0.828— 5.207- 1.553- —0.828— 
0.5381 2.3321 0.2771 2.3321 8.3051 0.2771 
• 7 .5 .1 1.169+ 8.318- 0.081+ 1.409- 0.775- -1.250-
0.2841 0.6841 0.0831 3.8771 7.3821 0.3801 
.7 .5 •3 0.810+ 7.271- -0.056+ 3.860- 2.105- -0.752-
0.7621 2.1031 0.0691 3.8581 7.2811 0.8311 
.8 .0 .0 2 .566 0 -1.281 0 -10.0311 -1.281 
.8 .2 .0 2.176 4.236 -0.954 -1.1191 -9.7571 -1.218 
.8 .2 .2 1.848+ 3.948- -0.922- 3.948- 0.512- -0.922-
0.3281 1.106i 0.1751 1.1061 9.5321 0.1751 
.8 .4 .0 1.341 7.402 -0.306 -2.1961 -8.7981 -1.034 
.8 .4 .2 1.141+ 6.933- -0.327- 3.197- 0.867- —0.812— 
0.6101 1.0431 0.0921 2.1921 8.7091 0.5411 
.8 .6 .0 0.608 9.242 0.136 -3.1471 -6.8691 -0.749 
.9 .1 .1 1.202+ 2.097- —0.600— 2.097- 0.068- —0.600— 
0.0961 0.2861 0.0521 0.2861 10.3261 0.0521 
.9 .3 .1 0.886+ 5.788- -0.341- 1.836- 0.181- —0.543-
0.2771 0.2781 0.0831 0.8531 9.7531 0.2121 
.9 .3 •3 0.655+ 5.090- -0.327- 5.090- 0.490- -0.327-
0.8021 0.8391 0.4161 0.8391 9.3871 0.4161 
.9 .5 .1 0.486+ 8.339- -0.055+ 1.392- 0.249- -0.433-
0.4301 0.2481 0.0601 1.3871 8.3411 0.5091 
1 .0 .0 0 0 0 0 -10.6021 0 
1 .2 .0 0 4.093 0 0 -10.3191 0 
1 .2 .2 0.3891 3.840 -0.2081 3.840 -10.0931 -0.2081 
1 .4 .0 -0.001 7.307 —0.001 0 -9.3251 0 
1 .5 .0 -0.001 8.460 -0.003 0 -8.4601 0 
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C. Evaluation of the Force Constants of MggGe 
In the last section, we related the coupling coefficients 
to the force constants of the lattice structure. We are now 
in a position to find the values of these force constants from 
experimental measurements of the Mg2Ge crystal. First, we 
consider a special case q = 0. The coefficients can be 
written as follows. For the short range part, 
=  o  =  « s e  
p] q = 0 " ' 
3 = 0 ' '*^3 + ' 
^[a IJ 5 = 0 = -4*1 - 2=2 - '*@3 • (62) 
For the Coulomb part, 
cfK KM _ r 
La a Jq = 0 " G 
CfK K'l = 0 
l a p j q = 0  a  ^  g  (63) 
where Q = for transverse waves and Q = for longi­
tudinal waves. The 9 9 determinant of the secular equation 
for MggGe can then be factored into three 3 z 3 determinants. 
6l 
2 2 2 
-802+4062+%!#» 4a^-2Ce2 
4{X-j^—2002 
402*2062 
20^-4^2+062+11120^ 
4^2+20^+062 
4o-j^—2O62 
2 
402+20^+062 
+Ce2+m2o/ 
= 0 
(64) 
where e^ = -262 = -26^^ The three roots of this equation 
correspond to the frequency of the acoustic branch, the Raman 
active branch, and the infrared optic branch respectively. 
They are : 
< ^ 1 = 0 ,  
4(a-,+ao+2po) 
0J2 = ^^
H M, 
and (65) 
Both and Wg are triply degenerate. The frequencies of the 
longitudinal and transverse modes of the infrared optic branch 
Oi^L and are split by different values of 0. 
2 
CO. 
IT 
(66)  
XI 112 
The force constants and the charge 62 further can be 
related to the elastic constants. Born and Huang (5) have 
developed an expansion technique which yield the elastic 
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constants as functions of the coupling coefficients and their 
derivatives at q = 0. Srinivasan (28) applied this method to 
calcium fluoride. Whitten (3I) wrote the expressions as fol­
lows; 
Cii = [11,11] 
= [11,22] 
= [12,12] 
C44 = 2[^2^]^/D+2D' (67) 
where 
2 S,Sptla,2p] = (fj) ("l^ |. [ Ï f 
i  I  [ A a K = ( ^ ) ( ^  
and 
q = q s 
where s is the unit vector in the direction of propagation. 
Therefore, the elastic constants can be calculated directly 
from the coupling coefficients by using special values for q^. 
In this investigation, the short range portion of the elastic 
constants were calculated from equations 6? and 57• The 
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coulomb portion of the elastic constants has been evaluated 
numerically by Srinivasan (28) and given in a final form by 
Bajagopal (25)• The expression for elastic constants of 
Mg2Ge are 
Cxi = ^ (tti + 2^2 + Gg) , 
Cl2 = a (2Pl - 2 ^ 2 - ^ 1 - ^ 2 " ^ 2 " ^ 3 " ®2^ • 
2 1.2.2 (-;i + ^ e:)\ 
C# = S (*1 + *2 + 92 + 9] - —®2 - ai + «3 + 2P^ ) 
(68)  
It may be noted that the expression for can be ob­
tained directly from the secular equation 49. In the direc­
tion flOO], the secular equation reduces to a 3 ^  3 matrix. 
The matrix elements for waves with polarization [010] is 
equal to ^ J with q^ = q, q^ = q ^  =0. The matrix is 
A 
Hermitian as it should be. We take the double limit q —* 0 and 
CO —> 0 in the resulting secular equation. The first limit 
corresponds to long wave length. The second limit corresponds 
to acoustical frequency. The secular equation becomes 
(/ = 2 2 M2(K,K') (69) 
K K' 
where M2(K,K*) is the coefficients of q^ in the power series 
of the elements M(K,K*). In order to obtain equation 69» the 
relation 
I = 0 (70) 
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was used. This relation was obtained from the fact that the 
crystal must be invariant under a uniform translation. In 
other words, the matrix M must have a solution with cO = 0 
corresponding to the acoustical frequencies when q = 0. 
Equation 69 is similar to the relations between elastic 
constants and the sound velocities 1' symmetry directions. 
The factor IE 2. MoCK.K') is thus equal to the elastic con-
K K' 
stant Ci}. It gives the same results as that in equation 68. 
Our equation 68 for 0^2 and differs from those given 
by Ganesan and Srlnivasan (11) by a factor 2 in the coeffi­
cient of 0.2' This error in their expression did not affect 
their numerical results as they set = 0. 
We have from equations 66 and 68 a total of five expres­
sions for the evaluation of the force constants and the charge 
eg of the magnesium, a total of seven unknowns. Therefore, 
two possible force models are assumed in order to reduce the 
number of parameters. 
(1) Central force predominant model: 
The non-central force of the next nearest neighbors 
Tn2 are neglected. Thus a2 and are set 
equal to zero and P2 = "^2' The general (non-central) 
nature of the nearest neighbor (Mg-Ge) forces is retained. 
(2) Weak Mg force model; 
The forces between Mg atoms are assumed weak and are 
neglected. Under this assumption, we have set aj and 
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3^ = 0 and *2 ^  ^ 2 = &2' Arguments supporting this 
model are; 
(a) The Mg2^® crystal cleaved easily along till) 
planes. The cleavage presumably takes place 
between two planes each containing only Mg (see 
Fig. 1), and so Mg-Mg bonds are weaker than Kg-Ge 
bonds. 
(b) The structure of Mg^Ge retains considerable 
resemblance to that of pure Ge, and none at all to 
that of magnesium metal. 
McWilliams (20, 21) has shown that the reflectivity of 
MggGe is equivalent to that of a particular damped harmonic 
oscillator. The Eestrahl frequency and the static and 
high frequency dielectric constants 60 and 600 thus can be 
estimated from the characteristics of the oscillator. There 
are 
OJ|ip = 3.89 X 10^^/sec 
8«r 
Eo= 19.5 . (80) 
From,the Lyddane-Sachs-Teller equation 19 
^IL^ E. 
COlT^ 
we obtained 4.59 x 10^^/sec. These optical data and 
equation 66 give us •• 63 = 1.93 xio"^^ esu, 
(81) 
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and = 1.035 x 10^ d/cm 
where values for the reduced mass = ^ = 2.42 x 10~^^ gm 
^2 ^1 
and V = 6.492 X 10~^5 cm^ were used. 
The remaining force constants were obtained from equation 
68 and the elastic constants at 150°K in Pig. 9 for each of 
the two models. The results are given in Table 12. The 
Table 12. Atomic force constants for the two models 
(in lO^d/cm unit) 
ai 9l G2 32 "^2 *3 33 
Model I 1.035 0.758 0 0.611 -0.611 1.476 0 
Model II 1.035 1.450 0.674 1.349 -0.675 0 0 
atomic force constants given in Table 12 and equation 65 give 
the Raman frequencies for both models; 
Wgj = 4.99 X 10^3/sec 
COjjjj = 3'15 X 10^3/sec . 
D. Dispersion Curves and Lattice Frequencies 
For each of the two models given in the last section for 
Mg2Ge, the coupling coefficients can be evaluated at the 4? 
points in 1/48 of the zone. Therefore, the secular equation 
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49 
can be solved for uJ at each of these points. These calcula­
tions have been done by the help of a IBM 70?^ computer and 
the results are given in Table 13. The relationship between 
frequency and wave vector is the most distinctive property of 
the lattice wave. We have for MggGe a total of nine branches 
of vibrational spectra. Some of them, of course, were degen­
erated at different positions of the wave vectors. To repre­
sent this sort of information graphically, we may plot the 
constant frequency surface in section plane through the zone 
for each branch of the spectrum. However, the points we chose 
in the zone were not dense enough to give adequate informa­
tion of the distorted frequencies near the boundary. 
Another graphical representation for this sort of infor­
mation is to plot the frequency against the wave vector along 
symmetry directions. All branches of the spectrum can be 
shown in one diagram. For MggGe, plots along the three prin­
ciple directions are given in Pig. 11, for both of the two 
models. 
The lattice frequencies so obtained were based upon 
simplified models and, of course, the adequacy of the models 
cannot be truly assessed uir?til more experimental evidence has 
been obtained. 
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Table 13* Lattice frequencies of MggGe 
Model I Model II 
0.2 ,  0  ,  0 
0.4, 0 , 0 
0 . 6 ,  0  ,  0  
0 .8 ,  0  ,  0  
1.0, 0 , 0 
0 .2 ,0 .2 ,  0  
0.4,0.4, 0 
0 . 6 , 0 . 6 ,  0  
0.1,0.1,0.1 
0.2,0.2,0.2 
0.3,0.3,0.3 
0.5013 
0.4674 
0.1220 
0.5054 
0.4403 
0.2322 
0.3869 
0.0754 
0.3772 
0.1464 
0.4840 
0.4850 
0.5103 - 0.5056 
0.3793 0.3610 
0.3206 0.2094 
0.5210 
0.3779 
0.3215 
0.5265 
0.3979 
0.2988 
0.5039 
0.4589 
0.1675 
O.51I8 
0.4404 
0.3024 
0.5177 
0.4053 
0.3498 
0.4982 
0.4578 
0.1045 
0.5141 
0.3378 
0.2623 
0.5156 
0.3113 
0.4873 
0.4001 
0.1080 
0.4549 
0.4285 
0.2009 
0.4678 
0.3800 
0.2703 
0.4961 
0.3918 
0.6651 
0.4924 0.4860 
0.4518 0.3963 
0.2025 0.1289 
0.4794 0.4707 
0.4451 0.4027 
0.2883 0.1822 
0.2964 
0.4840 
0.3834 
0.1042 
0.4521 
0.3679 
0.1996 
0.4631 
0.3645 
0.2638 
0.4625 
0.3191 
0.1214 
0.4695 
0.3144 
0.2276 
0.4012 
0.079 
0.4305 
0.1439 
0.3188 
0.3129 
0.4827 0.4671 
O.308I - 0.3058 
0.3054. 0.1901 
0.4987 
0.3487 
0.2989 
0.5078 
0.3614 
0.2964 
0.4633 
0.3287 
0.1652 
0.4807 
0.3455 
0.2628 
0.5050 
0.3423 
0.2933 
0.4610 
0.3244 
0.1073 
0.4653 
0.3335 
0.1985 
0.4774 
0.3424 
0.2620 
0.4967 
0.3019 
0.2181 
0.2988 
0.2281 
0.5063 
0.4101 0.4049 
0.3187 0.3160 
0.1085 0.1022 
0.4524 0.4424 
0.3130 0.3079 
0.1970 0.1724 
0.4870 0.4802 
0.3061 0.3011 
0.2561 0.2085 
0.3966 
0.3199 
0.0660 
0.4140 
0.3177 
0.1216 
0.4364 
0.3153 
0.1606 
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Table 13. (Continued) 
Model I Model II 
0.4,0.4,0.4 0.4567 0.4544 - 0.4945 0.4550 
0.4398 0.4097 - 0.3424 0.3136 
0.3576 0.2200 - 0.2998 0.1826 
0.5,0.5,0.5 0.4459 - 0.4389 0.5026 0.4621 
0.4320 0.4138 - 0.3366 0.3165 
0.3973 0.2341 - 0.3129 0.1896 
0.3,0.1,0.1 0.5046 0.4993 0.4687 0.4692 0.4l68 0.4l6l 
0.4634 0.3886 0.3850 0.3274 0.3168 0.3155 
0.1923 0.1233 0.1230 0.1780 0.1213 0.1192 
0.3,0.3,0.1 0.5045 0.4749 0.4672 0.4721 0.4297 0.4254 
0.4526 0.4101 O.38O8 0.3390 0.3159 0.3134 
0.2461 0.1596 0.1585 0.2263 0.1583 0.1401 
0.4,0.2, 0 0.5083 0.4899 0.4725 0.4713 0.4360 0.4308 
0.4418 0.3960 0.374a 0.3303 0.3147 0.3112 
0.2524 0.1646 0,1628 0.2367 0.1613 0.1520 
0.4,0.2,0.2 0.4946 0.4908 0.4627 0.4748 0.4382 0.4345 
0.4440 0.3981 0.3855 0.3368 0.3144 0.3134 
0.2721 0.1784 0.1745 0.2510 0.1643 0.1590 
0.4,0.4,0.2 0.4965 0.4553 0.4484 0.4855 O.4563 0.4458 
0.4462 0.4216 O.3908 0.3447 O.3135 O.3II9 
0.3162 0.2052 0.1904 0.2774 0.1750 0.1725 
0.5,0.1,0.1 0.5060 0.5035 0.4896 0.4768 0.4499 0.4482 
0.4120 0.3760 0.3723 0.3215 0.3117 0.3093 
0.2858 0.1872 0.1857 0.2680 0.1769 0.1716 
0.5,0.3,0.1 O.508O 0.4760 0.4716 0.4834 0.4567 0.4500 
0.4160 0.4046 0.3695 0.3406 0.3117 0.3080 
0.3116 0.2101 0.2062 0.2727 0.1967 0.1802 
0.5,0.3,0.3 0.4799 0.4773 0.4602 0.4909 0.4574 0.4539 
0.4234 0.4031 0.3882 0.3427 0.3124 0.3111 
O.338O 0.2218 0.2167 0.2900 0.1913 0.1832 
0.5,0.5,0.1 0.5112 0.4541 0.4475 0.4959 0.4732 0.4627 
0.4280 0.4115 0.3651 0.3446 0.3099 0.3066 
0.3514 0.2353 0.2333 0.2885 0.2184 0.1935 
70 
Table 13» (Continued) 
Model I Model II 
0.5,0.5,0.3 0.4824 0.4465 0.4465 0.5003 0.4651 0.4624 
0.4292 0.4129 0.3947 0.3407 0.3118 0.3104 
0.3638 0.2397 0.2346 0.3066 0.2015 0.1911 
0.6,0.2, 0 0.5122 0.4974 0.4948 0.4865 0.4691 0.4653 
O.3815 0.3775 0.3593 0.3317 0.3082 0.3050 
0.3275 0.2224 0.2194 0.2877 0.2025 0.1949 
0.6,0.2,0.2 0.4984 0.4963 0.4894 O.4907 0.4683 0.4650 
0.3895 0.3771 0.3682 0.3374 0.3092 0.3063 
0.3340 0.2340 0.2247 0.2876 0.2102 0.1928 
0.6,0.4, 0 0.5148 0.4809 0.4522 0.4956 0.4757 0.4677 
0.4169 0.3860 0.3556 0.3441 0.3080 0.3036 
0.3500 0.2436 0.2423 0.2870 0.2297 0.2010 
0.6,0.4,0.2 0.4999 0.4772 0.4536 0.4986 0.4723 0.4668 
0.4160 0.3872 0.37801 0.3421 0.3098 0.3064 
0.3482 0.2487 0.2413 O.2967 0.2184 O.I987 
0.6,0.4,0.4 0.4694 0.46l4 0.4556 0.5030 0.4667 0.4658 
0.4170 0.3975 0.3966 0.3381 0.3133 0.3114 
0.3784 0.2453 0.2393 0.3090 0.2032 0.1937 
0.6,0.6,0.2 0.4797 0.4661 0.4608 0.5043 0.4779 0.4765 
0.4054 0.3903 0.3850 0.3388 0.3306 0.3079 
0.3631 0.2798 0.2567 0.2888 0.2236 0.2041 
0.7,0.1,0.1 0.5120 0.5089 0.5083 0.4936 0.4833 0.4819 
0.3604 0.3533 0.3517 0.3361 0.3052 0.3020 
0.3462 0.2447 0.2408 0.2994 0.2144 0.2062 
0.7,0.3,0.1 0.5109 0.5023 0.4786 0.4997 0.4838 0.4791 
0.3835 0.3654 0.3581 0.3426 0.3053 0.3022 
0.3425 0.2612 0.2531 0.2933 0.2316 0.2117 
0.7,0.3,0.3 0.4960 0.4830 0.4794 0.5040 0.4785 0.4772 
0.3935 0.3791 0.3670 0.3410 0.3078 0.3044 
0.3476 0.2673 0.2529 0.3016 0.2296 0.2039 
0.7,0.5,0.1 0.5139 0.4911 0.4341 0.5061 0.4875 0.4824 
0.4262 0.3752 0.3624 0.3420 0.3052 0.3013 
0.3378 0.2755 0.2681 0.2960 0.2501 0.2143 
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Table 13. (Continued) 
Model I Model II 
0.7,0.5,0.3 0.4883 0.4862 0.4364 0.5062 0.4758 0.4752 
0.4234 0.3963 0.3737 0.3385 0.3101 O.3085 
0.3521 0.2668 0.2537 0.3050 0.2255 0.2035 
0.8,0.2, 0 0.5176 0.5149 0.4986 0.5026 0.4962 0.4928 
0.3768 0.3515 0.3406 0.3482 0.3016 0.2992 
0.3213 0.2742 0.2679 0.2975 0.2286 0.2236 
0.8,0.2,0.2 0.5146 0.5006 0.4986 0.5056 0.4926 0.4910 
0.3783 0.3602 0.350 0.3465 0.3035 0.2998 
0.3219 0.2843 0.2703 0.2943 0.2443 0.2156 
0.8,0.4, 0 0.5173 0.5099 0.4559 0.5068 0.4962 0.4914 
0.4018 0.3672 0.3889 0.3451 0.3014 0.2994 
0.3211 0.2868 0.2799 0.2902 0.2522 0.2301 
0.8,0.4,0.2 0.5084 0.5030 0.4579 0.5090 0.4904 0.4883 
0.4008 0.3807 0.3535 0.3426 0.3082 0.3011 
0.3240 0.2867 0.2728 0.2957 0.2487 0.2152 
0.8,0.6, 0 0.5025 0.5037 0.484 0.5097 0.4985 0.4953 
0.4029 0.3558 0.3550 0.3446 0.3017 0.2985 
0.3213 0.2920 0.2900 0.2813 0.2748 0.2261 
0.9,0.1,0.1 0.5253 0.5242 O.52I8 0.5264 0.5247 0.5033 
0.3908 0.3195 0.3157 0.3565 0.2998 0.2973 
0.3031 O.2815 0.2788 0.2967 0.1849 0.1703 
0.7,0.3,0.1 0.5209 0.5125 0.4814 0.5089 0.5010 0.4993 
0.3888 0.3540 0.3359 0.3496 0.3002 0.2979 
0.3057 0.2999 0.2921 0.2902 0.2548 0.2300 
0.9,0.3,0.3 0.5177 0.4863 0.4815 0.5101 0.4941 0.4912 
0.3893 0.3668 0.3532 0.3441 0.3043 0.2995 
0.3294 0.2915 0.2815 0.2907 0.2652 0.2176 
0.9,0.5,0.1 0.5185 0.5133 0.4310 0.5097 0.4989 0.4982 
0.4279 0.3611 0.3475 0.3447 0.2998 0.2985 
0.3080 0.2978 0.2958 0.2829 0.2674 0.2364 
1.0,0.2, 0 0.5253 0.5157 0.5001 0.5080 0.5066 0.5050 
0.3936 0.3222 O.3I89 0.3566 0.2986 0.2966 
0.3128 0.2986 0.2965 0.2954 O.238I 0.2346 
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Table I3. (Continued) 
q Model I Model II 
1 .0,0.2,0.2 0 .5237 0.5021 0.4993 0.5100 0.5028 0 .5017 
0 .3904 0.3364 0.3232 0.3522 0.3008 0 .2973 
0 .3207 0.2998 0.2952 0.2890 0.2599 0 .2240 
1 
0
 
0
 
0
 0 .5231 0.5161 0.4574 0.5083 0.5043 0 .5034 
0 .4044 0.3523 0.3376 0.3478 0.2980 0 .2972 
0 .3153 0.2980 0.2972 0.2829 0.2610 0 .2462 
1, .0,0.5 0 0 .5227 0.5162 0.4299 0.5083 0.5035 #_ 
- 0.3473 - 0.3461 0.2976 — 
0 .3157 0.2976 0.2728 0 .2483 
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Pig. lia. Dispersion curve of MggGe in (lOO] direction 
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Pig. lib. Dispersion curve of MggGe in (110] direction 
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Pig. 11c. Dispersion curve of Mg2Ge in [111] direction 
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CHAPTEB VII. SPECIFIC HEAT, Cp, OP MggGe 
A. Apparatus 
The technique of adiabatic calorimetery was used for heat 
capacity measurements in the range 4.2°-350°K. The calori­
meter and cryostat are shown in Pig. 12, and were designed 
similar to the one described by Westrum (29)' The circuitry 
for making temperature and heat input measurements were those 
described by Skochdopole (27). No detailed description of the 
cryostat or circuitry will be given. A description of the 
differences between the components described in the above 
references and those used in this work are as follows; 
1. Difference thermocouples: The difference thermo­
couples between the adiabatic shield and the calorimeter can 
were actually thermopiles consisting of one copper-constantan 
unit in series with one gold-2^ cobalt vs copper unit, thus 
providing sensitivity over the entire range from 4.2°K to room 
temperature. The sensitivity at 4.2 degrees was 6 microvolts 
per degree, and the sensitivity at room temperature was 
roughly 80 microvolts per degree. 
The side difference thermocouple made electrical contact 
to the calorimeter can. The bottom difference thermocouple 
made electrical contact to the bottom of the shield. The 
position of the calorimeter can thus could be indicated by 
the electric continuity between the two thermocouples and 
t 
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Fig. 12. The adlabatlc calorimeter 
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between the thermocouple and the cryostat. 
2. Calorimeter can; The calorimeter can, shown with 
sample In Fig. 13, was specifically designed to allow sealing 
the can without heating, and to permit good thermal contact 
between the heater and thermometer assembly and a granular 
sample. 
For the former purpose, the thermal contact cone made a 
press fit with a gold plated copper disc fitted with a shoul­
der which in turn made a press fit with a lead washer. The 
washer in turn made a press fit with the top of the calori­
meter can into which a shoulder was machined to insure a 
vacuum seal. To insure good thermal contact between the 
heater-thermometer assembly and the granular sample, a shell 
was threaded to the thermometer well and could be screwed down 
to make a press fit with the sample. In addition, the sample 
was packed between 0.020 inch or less thick copper discs which 
made a press fit to the thermometer well, but did not touch 
the sides of the can, so that the heat would be distributed 
first to the sample and then to the side of can. To insure 
that the heat from the heater was distributed more rapidly to 
the sample than to the bottom of the can, the bottom of the 
thermometer well was made of 0.020 inch stainless steel. 
3. Heater circuit: Instead of the 16 two-volt low dis­
charge Wlllard cells used by Skochdopole (27) for a source of 
power, a Power Designs Inc. Model 4005 transistorized constant 
Fig. 13* Cross section view of the calorimeter can 
1. Nylon cord (15 pound test) 
2. Copper hook 
3. Thermal contact cone 
4. Can cover 
5. Top difference thermocouple sleeve 
6. Copper thermal contact spring 
7. Cover well - -
8. Thermal contact shell 
9. Copper heater sleeve 
10. Copper thermal fins 
11. Copper heater core 
12. Capsule type platinum resistance thermometer 
13. Side difference thermocouple sleeve 
14. Spool to thermally equilibrate leads with calorimeter 
15. Bottom thermocouple sleeve 
16. Formvar enamel 
17. Air gap 
18. Advance wire 
19. Grease for thermal contact 
2 b 2 sy 00 
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current/voltage power supply was utilized. This instrument 
was capable of supplying either constant voltage or constant 
current, the voltage regulation being 0,05% or 0.01 volts, 
whichever was greater, and the current regulation being 0.02# 
or 10 amperes, whichever was greater. The instrument was 
used in the constant voltage mode below currents of 25 ma. 
The constant current mode was not available below currents of 
25 ma. The instrument was more convenient than the batteries 
in that it occupied less space, that it was controllable from 
the potentiometer bench, and that it did not have to be 
periodically charged. As when using the Willard cells, heater 
voltage and current readings were taken through the center of 
the heating period, and the average readings were used to cal­
culate the total energy input. 
B. Procedure and Treatment of Data 
The procedure for making heat capacity measurements in 
this laboratory has been essentially described by Skochdopole 
(27) and Gerstein (12). With the exception of a few differ­
ences, the procedure will not be reiterated in detail. After 
the weighed samples and the copper fins had been placed in the 
sample container, the cryostat was assembled together and 
evacuated to a pressure of the order of 10"^ mm Eg. Liquid 
nitrogen was then transferred into both the nitrogen tank and 
the helium tank. The pressure in the system would drop to the 
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order of nun Eg on the completion of the transferring. 
The calorimeter can was raised Into thermal contact with the 
helium tank and lowered after the can, the shield, and the 
floating ring had reached the required temperature. For 
temperatures below 78°K, liquid helium was used as refriger­
ant in the helium tank. 
After the bath temperature had been attained by the 
sample, the shield, and the floating ring, temperature drift 
measurements were taken before and after the heating of the 
sample while adiabatically controlling the shield. The ratio 
of heat input to temperature rise was calculated from the raw 
data as described by Skochdopole (2?) and Gerstein (12) with 
the exception that for the present data, the calculations had 
been programmed to be carried out on an IBM 70?^ computer. 
The program was written by Marilyn Bhyne. The program was 
such that either aq/AT or Gp could be calculated from the 
raw data. The calculation of Cp was feasible if the smoothed 
curve for the empty calorimeter can was available. It was 
calculated by subtracting the contribution of the can from 
that of the sample-filled can and dividing by the number of 
moles of sample used in the measurement. 
For measurements above 10°K, the temperature scale was 
that of the National Bureau of Standards. For measurements 
in the range 4°-10°K, the procedure of Osborne and Westrum 
(24) was used to calibrate the thermometer; it was assumed 
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that the resistance vs temperature curve was given by 
B = a + bT^ + cT^ (82) 
and the constants a, b, and c were determined from the slope 
of the R vs T curve at 10°K, the resistance from the N.B.8. 
table at 10°K, and the resistance of the thermometer as meas­
ured at the lowest temperature attained. The temperature at 
this point was assumed to be the temperature of the bath, and 
the temperature-vapor pressure relation for He^^, was obtained 
from the 1958 He^ scale (6). 
For each series of measurements below 10°K, the resist­
ance at the lowest temperature attained was separately deter­
mined, and the 7074 computer was used to generate an R vs T 
relation by solving the above fifth degree equation. The 
calculation was incorporated as part of the program used to 
calculate heat capacities. It is to be noted that there 
appeared to be a bump in the AQ/^T of the calorimeter can in 
the range below 10°K. The top of the can was sealed with 
Bi-Cd solder which is non-superconducting in this range, but 
there was a small amount of Pb-Sn solder used in soldering the 
male threaded insert of the thermal contact shell to the 
thermometer well, and it may have been a superconducting 
transition in this material which led to the anomaly. The 
anomaly was present in both the empty can measurements and in 
the can plus sample measurements, and the result of subtract­
ing a smoothed curve through the can points from the sample 
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plus can data led to a monotonlcally increasing curve for the 
sample from 4°-300°K. 
G. Result 
In this Investigation, a Mg2Ge sample of 77.822? gm (cor­
rected to vacuum) was used for specific heat measurements. 
The lead washer for sealing the calorimeter was not used in 
these measurements because exchange gas was not necessary for 
thermal contact between the sample and the can. The experi­
mental heat capacity points are listed in Table l4 and shown 
in Fig. 14. The smoothed curve heat capacity and thermo­
dynamic functions are listed in Table 15. The thermodynamic 
functions are defined as follows (2?): 
rT 
8° = J Cp/T dT 
o 
H° - h| = f Cp dT 
o 
F° - - E° 
T T ~ , 
We calculated the thermodynamic functions from Cp by Simpson's 
first law on the 7074 computer using a program written by B. 
C. Gerstein. 
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Table 14. of Mg2Ge 
^av DT Cp ^av DT Cp 
Run 1 Run 4 
4.782 0.294 0.012 219.943 10.496 64.515 
5.197 0.529 0.014 230.109 10.348 65.390 
6.070 1.048 0.012 240.331 10.256 66.488 
7.536 1.987 0.046 250.448 10.150 66.792 
11.696 1.535 0.119 260.421 10.015 67.563 
13.042 1.149 0.141 270.322 9.931 68.227 
14.166 1.081 0.197 277.012 9.893 68.350 
15.341 1.422 0.300 289.410 9.892 69.409 
16.582 1.084 0.493 298.780 9.800 69.826 
17.699 1.173 0.536 308.432 9.691 70.703 
19.066 1.618 0.732 315.707 9.550 70.583 
23.352 1.932 1.412 325.080 9.461 71.737 
25.381 2.260 2.213 
28.349 3.688 3.185 Run 5 
Run 2 4.529 0.286 0.001 
5.038 0.467 0.003 
39.398 4.701 8.022 5.514 0.754 0.005 
43.772 4.083 10.329 6.586 1.207 0.020 
48.316 5.048 13.216 8.265 2.211 0.036 
66.320 6.345 23.861 10.141 1.592 0.043 
11.628 1.370 0.109 
Run 3 13.005 1.332 0.149 
32.635 
14.348 1.353 0.198 
82.057 9.343 15.717 1.346 0.294 
90.873 8.310 37.058 16.923 1.110 0.519 
99.181 8.341 40.538 18.121 1.287 0.605 
107.602 8.546 43.841 19.480 1.509 0.745 
116.426 9.161 46.042 21.019 1.559 1.109 
125.272 8.631 49.486 23.244 2.922 1.594 
133.145 8.844 51.570 26.775 4.149 2.655 
143.054 9.521 53.545 30.455 2.858 3.894 
152.796 10.138 55.839 33.262 2.769 5.006 
162.972 10.349 57.471 
172.926 10.946 58.507 Run 6 
183.858 11.134 60.469 
194.758 10.865 61.979 39.133 3.249 7.953 
205.409 10.656 63.118 42.729 3.959 9.839 
215.873 10.464 64.248 47.002 4.6l4 12.257 
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Table l4. (Continued) 
^av DT Cp Tav DT Cp 
Run 6 Run 7 
52.034 5.526 15.223 186.197 11.007 60.855 
57.855 6.134 18.510 196.981 10.756 62.075 
64.161 6.510 22.586 207.785 10.740 63.408 
70.799 6.807 26.418 218.357 10.524 65.080 
77.866 7.374 30.453 
Run 8 
Run 7 
32.683 
228.738 10.400 65.361 
82.490 9.496 238.968 10.238 66.372 
91.680 8.946 37.261 249.049 10.109 67.003 
100.599 8.951 41.056 259.007 9.994 67.484 
109.771 9.466 44.320 268.845 9.894 67.904 
119.547 10.775 50.363 278.701 10.045 68.583 
140.894 11.280 52.891 288.553 9.893 69.387 
152.272 11.697 55.342 298.294 9.833 69.314 
163.836 11.732 57.781 307.929 9.717 70.060 
175.177 11.312 59.143 
Cp LMoHdegK) 
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Table 15• Cp and thermodynamic functions of Mg2Ge 
T =P SO(T) (H°-H°(T))/T ,  - (pO-H°)/T 
1.000 0.0002 O.OI68O 0.00009 0.01671 
2.000 0.0007 0.01707 0.00025 0.01682 
3.000 0.0018 0.01754 0.00056 0.01697 
4.000 0.0038 O.OI83I 0.00111 0.01720 
5.000 0.0070 0.01947 0.00194 0.01753 
6.000 0.0115 0.02112 0.00313 0.01799 
7.000 0.0182 0.02336 0.00477 0.01859 
8.000 0.0264 0.02629 0.00694 0.01936 
9.000 0.0370 0.02999 0.00967 0.02033 
10.000 0.051 0.03458 0.01307 0.02152 
15.000 0.2480 O.O8354 0.05110 0.03244 
20.000 0.8400 0.22851 0.16782 0.06069 
25.000 2.1000 0.51277 0.39359 0.11918 
30.000 3.5200 1.03206 0.80633 0.22573 
35.000 5.7800 1.73925 1.35066 0.38859 
40.000 8.0000 2.64798 2.03558 0.61240 
45.000 10.9200 3.76197 2.86348 0.89849 
50.000 13.8500 5.06380 3.81530 1.24850 
60.000 19.9200 8.11759 5.98636 2.13123 
70.000 26.0400 11.65194 8.41783 3.23411 
80.000 31.5000 15.49264 10.96852 4.52412 
90.000 36.4000 19.48963 13.52572 5.96391 
100.000 40.9000 23.56677 16.04681 7.51996 
110.000 44.5000 27.64014 18.47589 9.16425 
120.000 47.6000 31.64216 20.77095 10.87121 
130.000 50.3000 35.55881 22.93357 12.62024 
140.000 52.7000 39.37427 24.97867 14.39560 
150.000 54.9000 43.08521 26.90009 16.18512 
160.000 56.8000 46.69118 28.71155 17.97964 
170.000 58.5000 50.18769 30.41577 19.77192 
180.000 60.1000 53.57675 32.02045 21.55630 
190.000 61.5000 56.86369 33.53516 23.32853 
200.000 62.6000 60.04791 34.96257 25.08534 
210.000 63.9000 63.13525 36.31118 26.82408 
220.000 64.9000 66.13096 37.58794 28.54302 
230.000 65.7000 69.03353 38.79281 30.24072 
240.000 66.4000 71.84590 39.92992 31.91599 
250.000 66.9000 74.56798 41.00005 33.56793 
260.000 67.5000 77.20353 42.00774 35.19580 
270.000 68.1000 79.76226 42.96300 36.79925 
273.315 68.3000 80.55324 43.22793 37.32531 
280.000 68.7000 82.15567 43.77870 38.37698 
290.000 69.3000 84.57691 44.64839 39.92852 
298.150 69.5500 86.50245 45.32703 41.17542 
300.000 69.6500 86,93530 45.47904 41.45626 
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CHAPTER VIII. SPECIFIC HEAT, C^, OF MggGe 
A. Heat Capacities Calculated from Lattice Frequencies 
From the atomic point of view, the specific heat is con­
tributed by the lattice vibrations and the electronic system 
in the crystal. The contribution from the electron system is 
small relative to that of the lattice vibration for semicon­
ductors. Therefore, the specific heat at constant volume, Cy, 
is practically equal to the lattice specific heat for MggGe. 
In the theory of lattice specific heat (3^) the thermal 
energy of the solid is distributed among the normal modes of 
vibration of the crystal as a whole. Each normal mode is 
capable of taking up one or more quanta of energy. The 
equilibrium number of quanta (or phonons in the mode (q,p) 
is then given by 
where k is the Boltzmann constant. The average energy in this 
mode (above the zero point energy) is 
(84) 
The total thermal energy of the system is thus 
(85) 
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Hence the specific heat (at constant volume) is 
' _ ^ 
te.p - 1)2 
- 6 A * P ezp S >, P. 
Cv = -H- = ë 2 —^„  .  ( 8 6 )  
where v is the volume of the specimen. If n is the number of 
molecules per unit volume, then nv is the number of q in a 
zone. We can write the expression for the reduced specific 
heat of Mg2Ge as 
C, 2E(%)wg 
9  2 W Ï  
(87) 
The weight function vJq expresses the relative volume of wave 
number space associated with each of the ^7 q values for which 
frequencies were calculated ( = 48 for a general point 2k 
for a point on a symmetry plane, 8 for a point on the [111] 
2 X 
axis, etc.). ^ ® is the reduced Einstein specific 
(6^-1)2 
heat for a single oscillator. 
From the frequencies calculated at the 47 points in 1/48 
of the zone as given in Chapter VI, the reduced specific heats 
for MggGe are obtained by equation 87. 
The result for the two models used in Chapter VI are 
listed in Table I6 at several temperatures. 
When the specific heat is calculated in this manner, its 
accuracy certainly depends on the density of the selected 
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Table 16. Lattice specific heats and Debye temperatures 
of MggGe based on the two models 
Model I Model II 
T°K 
Cv 
9B ©D 
Cv 
9R ©D 
15-85 0.3190x10-2 460.0 0.4148x10"^ 421.3 
25-12 0.1692x10"! 417-9 0.2721x10"! 356.5 
39.81 0.7932x10"! 391.8 0.1207 335.6 
63-10 0.2561 385.5 0.3271 338.6 
100.00 0.5247 385.7 0.5871 346.0 
158.50 0.7560 386.6 0.7923 350.8 
251.20 0.8907 386.8 0.9078 353.9 
398.10 0.9543 385.8 0.9615 354.3 
wave-vector in the zone. However, the advantage of this 
method is that the frequency distribution n(co)dcO (conven­
tionally used in specific heat calculations) is not required 
and the calculation can be done in a straightforward manner. 
B. Evaluation of Cy from Cp 
It is well known that the specific heat at constant 
volume, Cy, is related to the specific heat at constant pres­
sure, Cp, (9) by the equation 
Cp - Cy = py2 T V/B^ (88) 
where Py is the volume expansion coefficient, By is the volume 
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compressibility, and V is the molar volume. The compress­
ibility for MggGe at 300°K was found in Chapter V to be 
1.83 X 10"12 cm^/dyne. The volume expansion at 300°K was 
found in Chapter IV to be 4.5 x 10"^ per °K. The specific 
heat Cp at 300°K was found to be 69.65 J/mol-deg K in Chapter 
VII. Thus, the specific heat Cy from equation 88 is 69*54 
J/mol-deg at T = 300°K. 
Equation 88 can be written as 
CP = CY(L + V PYT) (89) 
with = pyV/ByCy = 0.117. The quantity V is called the 
Grueneisen constant and is practically independent of tempera­
ture. Cy is calculated by equation 89 with the previously 
determined thermal expansion data and the smoothed experi­
mental Cp curve. The result is given in Table 1?. 
It may be noted that at very low temperature the elec­
tronic specific heat due to impurities becomes more signifi­
cant. We write 
Cy = AT + BT3 (90) 
where the term BT^ is the contribution of the lattice vibra­
tion and the term AT is the contribution of the electronic 
C-
system. A straight line was obtained in a plotting of ^  vs 
T^ in Fig. 15» The constant A in equation 90 was found to be 
0.00015 J/mol(°K)^. At 5°K, the electron specific heat was 
about 0.00075 J/mol(°K), only about 10^ of the total specific 
heat at that temperature. This amount, however, was within 
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Table 17. Specific heat, Cy, of MggGe 
T(°K) 
=v<îsk£> eD(°K) T(°K) @D(°K 
300 69.54 366.6 15 0.248 435.0 
250 66.81 381.3 12 0.1000 465.4 
200 62.54 386.6 11 0.0720 476.1 
150 54.86 386.7 10 0.0510 485.5 
100 4o.6o 374.2 9 0.0368 486.9 
50 13.85 354.8 8 0.0265 487.2 
40 8.00 353.0 7 0.0183 478.5 
30 3.50 354.7 6 0.0112 482.3 
25 2.00 357.0 5 0.0070 470.0 
20 0.84 381.6 
the experimental error. Therefore, we may consider that the 
specific heat for Mg2Ge at constant volume is practically 
equal to the lattice specific heat even at very low tempera­
ture . 
C. Temperature Dependence of the Debye Temperature 
Because of the remarkable initial success of the Debye 
theory of lattice specific heat, it has become customary to 
use a 0^- T diagram to represent the variation of the 
specific heat as a function of temperature. The Debye specific 
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Fig. 15. Specific heat of Mg2Ge at low temperatures 
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heat function 
- -|^  , (91) 
is a uniform function of Beattie (1) has compiled a table 
for this function. If the specific heats exactly fitted the 
Debye formula, the corresponding 0jj - T diagram would consist 
of a horizontal straight line. In actual cases, deviation 
from a straight line in the 0d - T diagram is observed. The 
Gg - T diagram can display the effects of the crystal struc­
ture on the specific heat in a very sensitive way. The Debye 
temperatures for Mg2Ge at different temperatures were found 
from Beattie*s table and listed in Table l6 and Table 1?. 
Curves of 6j-j as a function of the temperature are shown in 
Pig. 16. 
The 0JJ vs temperature curve shows: 
1. The - T curves for the two semi theoretical models 
were of the same form as Blackman's type b (3)* 
2. The ©J) - T curve of the experimental results, how­
ever, was of the form as Blackman's type c. Only 
very few materials have been found with this prop­
erty. KBj. is one of them. 
3. At low temperature, the experimental curve fitted the 
curve for the model II. At higher temperatures, a 
large deviation was observed. 
600 
EXPERIMENTAL RESULTS 
CALCULATED FOR MODELI 
CALCULATED FOR MODEL D 500  
400  -
•etO 
300  
100 200 300  400  
T(»K) 
Pig. 16. Temperature dependence of Debye temperature for Mg2Ge 
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4. The specific heat obeyed low only for tempera­
tures below 10°K. The corresponding Debye tempera­
ture was 488°K and agreed with that calculated from 
elastic constants as given in Chapter V. It may be 
noted that 10°K is equal to 9g(0)/50. 
5. The minimum Debye temperature for both the experi­
mental curve and the curve for model II occurred at 
40°K, a temperature equal to Qj^{0)/IZ. It was 335°K 
for model II and 353°K for the experimental curve. 
The variations of Debye temperature were rather 
large and up to about 0q(O)/3. 
D. Discussion 
From the temperature dependence of the Debye temperature 
described in the last section, we believe that the weak Mg 
force model may be adequate to describe the interatomic forces 
for Mg2Ge. 
Two points should be noted here ; 
1. Delaunay (10) has noted that above about T = 6d(0)/3 
one would expect the purely harmonic lattice vibration to 
fail. Considering a system of oscillators with potential 
energy of the form (22) 
y (x) = ^  mw x^ + gx^ + . (92) 
The heat capacity of the oscillator becomes 
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The second term represents an additional contribution from 
the anharmonic terms in the potential energy, and may be 
©ri ( 0 ) Q 
positive or negative. For Mg2Ge, T = — = 170 K is just 
the point that the Debye temperature begins to decrease with 
temperature which means the second term should be positive. 
2. For a point charge model we have neglected the elec­
tronic polarlzability. In the actual case, the short range 
forces between atoms are not Independent of the state of the 
polarization of the atoms. Cochran (8) has considered a 
dlpole approximation to this problem and has postulated a more 
general expression for the energy of the perturbtd crystal. 
The short range forces between polarized atoms give five more 
terms in the expression of the potential energy which we have 
considered in Chapter VI. These terms are related to the 
dielectric properties and in turn affect the calculation of 
the frequencies. However, the change in frequencies of the 
optical modes has very little effect on the heat capacity of 
the crystal at low temperatures. The electronic polarlzabil­
ity of the atoms may be small when the temperature is low. 
Therefore, the agreement between the Debye temperatures for 
model II and the experimental results at low temperatures 
indicates the adequacy of model II. 
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CHAPTER IX. CONCLUSION 
The present investigation has demonstrated the usefulness 
of lattice dynamics, even for a point charge model, In the cal­
culation of the specific heat of a crystal. The calculated 
lattice vibration frequencies are probably inaccurate because 
the polarizability of the atoms has been neglected. Inelastic 
neutron scattering techniques may determine the lattice vibra­
tion frequencies directly. The frequencies near the edge of 
the Brillouin zone may be obtained from analysis of the infra­
red absorption frequencies due to multiple phonon processes. 
The experimental results so obtained may be applied to a more 
sophisticated model. Including the polarizability of the atoms, 
so as to understand the Interaction forces In the crystals. 
The resonance technique developed in this investigation 
is certainly useful for measuring the elastic properties of 
small specimens. However, some Improvement on the temperature 
control system should be made to improve the accuracy of the 
measurement. 
The construction of the calorimeter was a big achievement 
in this investigation. This has enabled specific heats to be 
measured for the first time in this laboratory in the complete 
temperature region between 4.2° to 350°K. The large drop in 
at low temperatures could only be picked up by low tempera­
ture measurements. If the sensitivity of the different thermo-
100 
couple can be improved, we may make measurements even down to 
1°K by pumping on Heji^ in the lower tank of the calorimeter 
cryostat. 
The temperature dependence of the Debye temperature of 
Mg2Ge is quite different from that of Mg2Si (32). The 9-q vs 
T curve for Mg2Ge belongs to Blackman's type c, while that 
for Mg2Si belongs to Blackman's type b. The mass ratio of 
the two different atoms in a crystal may be considered to be 
partly responsible for this discrepancy. Similar investiga­
tions on Mg2Sn and Mg^Pb may cast light on this aspect. 
The large drop in 6^ at low temperatures is a problem of 
interest. This drop was obtained both from the calculation 
and the specific heat measurements. It is the effect of the 
crystal structure. A more detailed investigation on the 
physical meaning of this phenomenon is most desirable. 
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